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S W R Y  
This r e p o r t  covers  work on a v o l t a g e  t o  duty-cycle conver te r  
f a b r i c a t e d  on f o u r  s i l i c o n  i n t e g r a t e d  c i r c u i t  ch ips  assembled i n  a 
s i n g l e  package. It w i l l  perform t h e  e s s e n t i a l  s i g n a l  p rocess ing  f u n c t i o n s  
of a p r e c i s i o n  power r e g u l a t o r  system us ing  duty-cycle  c o n t r o l  of t h e  power 
ou tput  s t a g e s .  The conve r t e r  subsystem r e q u i r e s  l a r g e  va lue  s t a b l e  capac i -  
t o r s  and h igh  p r e c i s i o n  s t a b l e  r e s i s t a n c e s  which a r e  ob ta ined  by using a 
hyb r id  tan ta lum f i lm-planar  s i l i c o n  i n t e g r a t e d  c i r c u i t  technology. I n  t h i s  
technology,  t h e  c a p a c i t o r s  have tantalum oxide (TaO ) f o r  t h e  d i e l e c t r i c  5 
and t h e  p r e c i s i o n  r e s i s t o r s  a r e  made of tantalum n i t r i d e  (TaN). 
The f o u r  c i r c u i t s  i n  t h e  subsystem a r e  a p r e c i s i o n  vo l t age  
r e f e r ence  supply ,  a ga in - s t ab l e  e r r o r  vo l t age  a m p l i f i e r ,  a s t a b l e  t r i -  
ang le  waveform g e n e r a t o r ,  and a comparator w i t h  ou tpu t  l o g i c .  S t a b i l i t y  
and l i n e a r i t y  a r e  achieved over  an ope ra t i ng  tempera ture  range of -10°C 
t o  +75OC, n o t  only through t h e  use  of t h e  s t a b l e  tan ta lum f i l m  components 
i n  s e n s i t i v e  a r e a s ,  bu t  a l s o  by t h e  use of r e s i s t a n c e  r a t i o s  t o  determine 
wel l -def ined v o l t a g e  l e v e l s .  Also, use is  made of ad jo in ing  t r a n s i s t o r  
p a i r s  f o r  i n p u t  s t a g e s  of d i f f e r e n c e  o r  comparison a m p l i f i e r s  where minimum 
d r i f t  is  needed. The e l e c t r i c a l  performance of t h e  conver tor  i s  t h e  con- 
+ 
v e r s i o n  of a 10.000 v o l t  - 0.050 v o l t  i n p u t  s i g n a l  i n t o  a power g a t e  ou t -  
pu t  duty-cycle ranging from 3% a t  10.05 v o l t  i n p u t  t o  97% a t  9.95 v o l t  
i n p u t .  The l i n e a r i t y  is b e t t e r  than  2.5% a t  a b a s i c  r e p e t i t i o n  r a t e  of  
2.5 KC + 10%. Equiva len t  i n p u t  s t a b i l i t y  over t h e  ope ra t i ng  temperature  
range i s  0.025 v o l t s  o r  b e t t e r ,  o r  b e t t e r  than 0.25% of t h e  10 v o l t  
i n p u t .  
The work performed was c a r r i e d  o u t  i n i t i a l l y  by t h e  Westing- 
house  Molecular  E l e c t r o n i c s  D i v i s i o n ,  West Coast  Department,  and was 
completed by t h e  I n f o r m a t i o n  Devices  Department of t h e  Westinghouse 
Research L a b o r a t o r i e s .  The work a t  t h e  Research Labs was c a r r i e d  o u t  
by P .  R. Malmberg, M. J .  G e i s l e r ,  P.  Gutknecht ,  W. D. F roben ius ,  M. M .  S o p i r a  
and P .  D .  B l a i s ,  w i t h  t h e  a s s i s t a n c e  of t h e  s t a f f  of t h e  F a b r i c a t i o n  F a c i l i t y  
of t h e  I n f o r m a t i o n  Devices Department,  which i s  hereby  g r a t e f u l l y  acknow- 
l edged .  
1. INTRODUCTION 
- 
The requirement f o r  t h i s  p r o j e c t  was t h e  design and f a b r i c a t i o n  of 
an Analog Voltage t o  Duty Cycle Generator.  The system conver t s  a v a r i -  
a b l e  low power l e v e l  DC s i g n a l  i n t o  a d i g i t a l  output .  The system w i l l  
be  used f o r  a p r e c i s i o n  power supply. An i n t e g r a t e d  ve r s ion  of t h e  
Analog Voltage t o  Duty Cycle Generator o f f e r s  increased  r e l i a b i l i t y  over 
t h e  p r e s e n t  d i s c r e t e  component vers ion .  From cons ide ra t ions  of r e l i -  
a b i l i t y  i t  was d e s i r a b l e  t o  make t h e  system wi th  a s  few semiconductor 
ch ips  a s  p o s s i b l e  and t o  enc lose  it  i n  a s i n g l e  package. 
The system r e q u i r e s  f o u r  major elements:  a p r e c i s i o n  r e fe rence  
vo l t age  source,  a comparator a m p l i f i e r ,  a duty-cycle r e f e rence  gene ra to r  
and a n  output  d r i v e r .  Severa l  a l t e r n a t i v e  methods a r e  a v a i l a b l e  f o r  
achiev ing  t h e  r equ i r ed  func t ion ,  bu t  from cons ide ra t ions  of s u i t a b i l i t y  
f o r  i n t e g r a t i o n  t h e  choices  narrow t o  e i t h e r  an analog o r  d i g i t a l  ramp 
genera tor .  Both of t h e s e  a l t e r n a t i v e s  were t r i e d  i n  breadboard form, 
and i t  w a s  u l t i m a t e l y  decided t h e  analog t r i a n g l e  func t ion  genera tor  
would b e s t  s e r v e  t h e  requi red  purpose, a l though t h i s  d id  r e q u i r e  l a r g e  
c a p a c i t o r  va lues  t o  achieve  t h e  r equ i r ed  time cons t an t s .  The use  of 
tantalum oxide c a p a c i t o r s  and tantalum o r  tantalum n i t r i d e  t h i n  f i l m  
r e s i s t o r s  on t h e  s i l i c o n  oxide s u r f a c e  of t h e  ch ips ,  a hybrid approach, 
a l lows t h e  h igh  va lue  capac i to r s  and p r e c i s i o n  r e s i s t o r s  t o  be made 
wi thout  undue s a c r i f i c e  of a r ea .  P r e c i s e  va lues  of r e s i s t o r  r a t i o s  
are required to establish accurately the reference voltage level, to 
determine the gain of the reference amplifier, and to establish the 
time constants for the triangle function generator. Consideration of 
power dissipation and temperature stability must also be made in deter- 
mining the division of the system into separate chips and the method of 
final encapsulation since the operating temperature of the chips is a 
major factor in determining the ultimate reliability of the system. 
2. TECHNICAL DISCUSSION 
- 
2.1  System Design Considerat ions 
-
The J e t  Propulsion Labora tor ies  Advanced Development Engineering 
Note No. 342-50 g ives  a concise d e s c r i p t i o n  of t h e  o v e r a l l  systems 
requirement and reads  a s  fol lows:  
1 .0  General Requirements* 
1.1 I n  a l l  du ty  cyc l e  type of r e g u l a t o r s  t h e r e  i s  a c i r -  
c u i t  t h a t  conver t s  a v a r i a b l e ,  low power l e v e l ,  D.C.  
s i g n a l ,  t o  a d i g i t a l  ou tput .  The d i g i t a l  ou tput  may 
have s e v e r a l  forms, bu t  i n  a l l  forms t h e  one-level  
t i m e ,  o r  "on" time, p o r t i o n  of t h e  cyc l e  i s  propor- 
t i o n a l  t o  t h e  D.C.  i npu t  s i g n a l .  The p re sen t ,  " l e a s t  
hardware" approach t o  t h i s  func t ion  i s  t o  d r i v e  s a t -  
u rab le  r e a c t o r s  w i th  a square  wave, and d r i v e  t h e  
c o n t r o l  winding i n  propor t ion  t o  t h e  D.C.  s i g n a l  
l e v e l .  The use  of r e a c t o r s  i n  t h i s  way reduces t h e  
t o t a l  number of components and so  i s  p r e f e r a b l e  t o  a n  
a l l  t r a n s i s t o r  approach. This  r educ t ion  i n  component 
p a r t s  does not  n e c e s s a r i l y  i n c r e a s e  r e l i a b i l i t y  i n  
t h e  mic roc i r cu i t ry  approach. It w i l l  be a requirement 
t o  genera te  a r e l i a b l e ,  l e a s t  hardware l o g i c  f o r  such 
a c i r c u i t  and t o  "build" it on a s  few chips  a s  
* 
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poss ib le  (one t o  two being most des i rab le ) .  There 
a r e  two general  types of such regula tors  and they re- 
r equ i re  d i f f e r e n t  s igna l s .  It i s  bes t  i f  we can use 
the  same c i r c u i t  f o r  both types by a  simple manipula- 
t i o n  of i t s  outputs  external ly .  
1.2 I n  one type, t h e  down regula tor ,  t h e  required s i g n a l  
is  s i n g l e  ended i n  nature.  That is ,  i t  tu rns  on one 
switch (severa l  t r a n s i s t o r s  may be i n  p a r a l l e l ,  but  
i t  is  one switch) f o r  t h e  on p a r t  of t h e  cycle,  and 
turns  i t  off  f o r  t h e  off p a r t  of t h e  cycle. (See 
Figure 1 f o r  a  graphical  explanation).  The o the r  
type, a  booster regula tor ,  requires  what may be 
ca l l ed  a  double-ended s igna l .  That is ,  one p a r t  of 
t h e  s i g n a l  d r ives  one switch on f o r  a  va r iab le  p a r t  
of ha l f  of t h e  t o t a l  cycle t i m e  and the  o ther  p a r t  
of t h e  s i g n a l  d r ives  another switch on f o r  a  v a r i a b l e  
p a r t  of t h e  remaining hal f  of t h e  cycle  time (see 
Figure 2 ) .  The power amplif ier  indica ted  i n  t h e  dia-  
gram means t h a t  t h e  funct ional  block re fe r red  t o  need 
only supply "signal" power. The p a r t s  of the  s i g n a l  
a r e  separated by v i r t u e  of t h e  way they a r e  applied 
t o  t h e  switch. The "on" s igna l  f o r  B ,  though applied 
t o  A, can only a c t  on A t o  d r ive  i t  harder o f f .  
1.3 For f l e x i b i l i t y ,  the  s igna l s  can be transformer cou- 
pled t o  the  switches with D.C. r e s t o r a t i o n  a t  the  
s w i t c h .  The wave form i n  F i g u r e  1 can  be s y n t h e s i z e d  
from t h a t  i n  F i g u r e  2  by t h e  u s e  of a t rans former  and 
d i o d e s .  T h i s  l e a d s  t o  t h e  p o s s i b i l i t y  o f  o b t a i n i n g  
e i t h e r  from two proper  s o u r c e s .  Tf t h e  o u t p u t  of t h e  
f u n c t i o n a l  b l o c k  were r e a l l y  two o u t p u t s  a s  shown i n  
F i g u r e  3 ,  t h e n  e i t h e r  t y p e  of s i g n a l  could  be d e r i v e d  
by p roper  e x t e r n a l  m a n i p u l a t i o n .  
* 
2.0 S p e c i f i c  Requirements 
2 . 1  E l e c t r i c a l  
2 .1 .1  R e p e t i t i o n  r a t e  f o r  e i t h e r  o u t p u t  - 2.5 KC 
2 .1 .2  Output l e v e l  
"1" l e v e l  - Output  w i l l  be h.igh impedance t o  
r e t u r n  w i t h  maximum l e a k a g e  of 5  microamps 
a t  20 v o l t s  and 75°C ( t u r n e d  o f f  t r a n s i s t o r  
c o l l e c t o r )  
"0" l e v e l  - Output t o  r e t u r n  0 .5  v o l t s  maximum 
a t  -50 mi l l i amps  maximum o u t p u t  c u r r e n t  over  
l i n e  and t empera tu re  v a r i a t i o n  (a s a t u r a t e d  
t r a n s i s  t o r )  
2 .1 .3  De le ted  
2 .1 .4  De le ted  
2 .1 .5  I n p u t  power - 20V D . C .  - C 1 V  ( t h i s  i m p l i e s  
i n t e r n a l  r e g u l a t i o n )  
* 
A s  Amended by T e c h n i c a l  D i r e c t i o n  Memorandum 12 /9 /65  
2.1.6 Input signal 
Input signal center value plus 10 volts - +
0.01 volts 
Input signal source impedance 1 0 ~  ohms
+ 5% 
- 
2.1.7 Circuit Sensitivity: - Nominally + 1% in out- 
put duty cycle change for -1 millivolt signal 
input change at + 20°C input signal center 
value, plus 0.05 volts will yield an output 
duty cycle less than 3% and input signal center 
value -0.05 volts will yield an output duty 
cycle greater than 97%. 
2.1.8 Output linearity - If the transfer of output 
duty cycle (ordinate) versus input signal 
(abscissa) is drawn, ideally it should be a 
straight line. We shall define a linearity 
tolerance to be a vertical displacement of 
the true value from a straight line drawn 
through the 97% and 3% true values. The max- 
imum vertical departure at any input signal 
from the straight line shall be 2 2.5 duty 
cycle percentage points. (Use the ordinate 
scale to determine the departure,] 
2.1.9 Output time symmetry - During s t eady  s t a t e  con- 
d i t i o n s  (any cons tan t  va lue  inpu t  s i g n a l ) ,  t h e  
"on" time of t h e  s i g n a l  from one output  l i n e  
s h a l l  be wi.thin -5% of t h e  "on" time of t h e  
o t h e r  ou tput  l i n e .  I n  ac!diti.on, t h e  ha l f  per iod  
time ( F i g u ~ e  3)  which determines t h e  s t a r t  of 
ou tpu t  number 2 s h a l l  be w i t h i n  + .25% of t h e  
a b s o l u t e  va lue  of h a l f  per iod  time. 
2.1.10 Temperature - 10°C t o  + 75OC 
2.1.11 Rise  and f a l l  time - .5 microseconds maximum 
from zero t o  s p e c i f i e d  output  and v i c e  v e r s a .  
2.1.12 C i r c u i t  S t a b i l i t y  (with both  inpu t  power 
v a r i a t i o n s  and temperature v a r i a t i o n s ) .  The 
s i g n a l  i npu t  requi red  pe r  any given duty c y c l e  
must n o t  vary  by more than  5 0.025 v o l t s .  
Mechanical 
Any s u i t a b l e  he rme t i ca l ly  s e a l e d  con ta ine r  wi th  l e a d s  
arranged t o  permit  mounting on a  c i r c u i t  board and t o  
be  we lded ' t o  connecting l eads  on t h e  oppos i te  s i d e  of 
t h e  board .& 
* 
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2 .2  
-
A number of t e c h n i c a l  approaches can be used ro  f u l f i l l  t h e  
requirements of t h i s  system; t h e r e f o r e ,  t h e  f i r s t  requi re -  
ment i s  t o  i n v e s t i g a t e  each method and then  t o  eva lua t e  which 
i s  t h e  most s u i t a b l e  f o r  i n t e g r a t e d  c i r c u i t  f . sb r i ca t ion .  The 
fol lowing systems have been considered:  
1. DC-controlled Asymmetrical Mul t iv ib ra to r .  
2.  Clocked Mul t iv ib ra to r .  
3. Analog Ramp Generator ,  
4. D i g i t a l  Ramp Generator.  
Each of t h e s e  approaches w i l l  now be d iscussed  f o r  t h e  purpose 
of e s t a b l i s h i n g  t h e  most optiinum system. 
2.2.1 DC-Controlled Asymmetrical Mul t iv ib ra to r  
The v a r i a b l e  Duty Cycle Mul t iv ib ra to r  approach is  probably 
t h e  most common c o n t r o l  system i n  a s e r i e s  switching regu- 
l a t o r .  This  approach i s  shown i n  F igure  4 .  This system 
is descr ibed  i n  d e t a i l  on page 463 of "Trans is tor  C i r c u i t  
Design," McGraw-Hill Book Company, Inc .  It has t h e  advan- 
t age  of s i m p l i c i t y  from a "number of components" s t andpo in t ;  
however, t h e r e  is  one major i ncompa t ib i l i t y  between t h i s  
approach and t h e  system s p e c i f i c a t i o n ,  namely t h i s  system 
has  a  widely varying r e p e t i t i o n  r a t e .  For t h e  requirement 
of from 3 t o  97% i n  duty-cycle,  t h e  r e p e t r t i o n  r a t e  w i l l  
vary by a  f a c t o r  of 10.  This  f a c t o r  a lone  has d i s q u a l i f i e d  
t h i s  otherwise a t t r a c t i v e  approach. 
2 . 2 . 2  Clocked Mul t iv ib ra to r  
This  system is a  modi f ica t ion  t o  approach "1" b u t  would 
maintain a  s t a b l e  r e p e t i t i o n  r a t e .  The block diagram of 
t h i s  system is  shown i n  F igure  5. A c lock c i r c u i t  would 
be  used t o  develop a  2 . 5  KC r e p e t i t i o n  r a t e .  This would 
be used t o  r e s e t  t he  m u l t i v i b r a t o r  t o  the  "on" condi t ion .  
A b u f f e r  would be  placed between t h e  clock and m u l t i v i b r a t o r  
t o  i n s u r e  t h a t  t h e  c lock  frequency is  not  e f f e c t e d  by t h e  
inpu t  vo l tage .  
The m u l t i v i b r a t o r  would be  monostable,  and t h e  "on" time 
would be  determined by t h e  DC l e v e l  of the  a m p l i f i e r .  
This  would be  accomplished by using t h e  a m p l i f i e r  ou tput  
a s  t h e  r e f e rence  vo l t age  t o  change t h e  du ra t ion  determin- 
i ng  time-constant of t he  m u l t i v i b r a t o r .  
This  approach appears f e a s i b l e ,  b u t  p re sen t s  two major 
problems. The f i r s t  i s  t h a t  t h e  r e s i s t o r s  and capac i to r s  
a s s o c i a t e d  wi th  r e p e t i t i o n  r a t e s  of 2 . 5  KC a r e  n e c e s s a r i l y  
large. For instance, a simple RC circuit with time constant 
equal to 400 micro-seconds could consist of a 500 pf capac- 
itor and an 800 K ohm resistor. Obtaining either of these 
values would be bordering on "the State of the Art.'' Un- 
doubtedly, thin film techniques would be required. 
The second obstacle is that a very complex control multi- 
vibrator would have to be developed. In fact it might prove 
impossible to develop such a circuit when one adds the re- 
strictions of using integrated components. 
2.2.3 Analog Ramp Generator 
In essence this system would compare the power supply out- 
put reference voltage with a linearity decreasing voltage 
to determine the duty cycle waveforms shown in Figure 7. 
These waveforms illustrate the relationship between the 
ramp voltage and the duty cycle. 
The clock would operate at a nominal 2.5 KC. The clock 
output would reset the ramp generator. The ramp generator 
produces a linear change in voltage with respect to time. 
This is one input to the comparator amplifier. The other 
input is the voltage established using the input signal 
(20 0.1 VDC) and the reference element. The comparator 
amplifier will then control the switch duty cycle determined 
by the relative magnitudes of it's two inputs. 
The realization of the time constant for the clock will 
have the same problems as the clock in Approach "2". 
Figure 8 illustrates the ramp generator-control circuit. 
10 
The c lock  c i r c u i t  t r i g g e r s  a  monostable m u l t i v i b r a t o r  
whose pu l se  width i s  3% of t h e  duty cyc l e .  This  one-shot 
s h o r t s  ou t  C1 by tu rn ing  Q1 on i n  t h e  inve r t ed  mode. A t  
t h e  same time t h e  one-shot ho lds  Q o f f  through a  s a t u r a t e d  2 
t r a n s i s t o r .  When t h e  m u l t i v i b r a t o r  changes s t a t e s ,  Q2 t u r n s  
on and performs t h e  func t ion  of a  cons t an t  cu r r en t  gene ra to r .  
A t  t h e  same time C1 i s  no longer  shor ted .  A t  t h e  moment of 
Q t u r n i n g  o f f ,  t h e  v o l t a g e  on both  s i d e s  of C i s  de t e r -  1 1 
mined by t h e  vo l t age  d i v i d e r  R and R ac ros s  r e f e rence  Z 2 3 1 '
A s  t ime e l a p s e s  a  cons tan t  c u r r e n t  w i l l  be suppl ied  t o  C 1 
changing i t s  vo l t age  l i n e a r l y  i n  a  negati.ve d i r e c t i o n .  
The ou tpu t  of t h e  ramp genera tor  and t h e  " input  s igna l ' '  
from v o l t a g e  d i v i d e r  R and R a r e  then  f ed  t o  t h e  compar- 7 8 
a t o r  a m p l i f i e r .  A t  t h e  t ime t h e  one-shot s h o r t s  out  C1 t h e  
ramp gene ra to r  ou tput  exceeds t h e  " input  s i g n a l , "  s o  t h e  
comparator w i l l  swi tch  "on." The a m p l i f i e r  w i l l  remain 
"on" u n t i l  t h e  ramp genera tor  decreases  t o  a  va lue  below 
t h e  " input  s igna l "  a t  which time i t  t u r n s  o f f .  The ampli- 
f i e r  w i l l  remain i n  t h i s  s t a t e  u n t i l  t h e  "one-shot" i s  re-  
t r i gge red .  
This  approach is  very  s u s c e p t i b l e  t o  parameter d r i f t  w i th  
both temperature and time. Component parameters f o r  t h e  
c a p a c i t o r  s h o r t i n g  c i r c u i t  and t h e  cons tan t  cu r r en t  gener- 
a t o r  a r e  a l s o  very  c r i t i c a l .  
2 . 2 . 4  
A d i g i t a l  system approach was explored a s  i t  lends  i t s e l f  
t o  i n t e g r a t e d  c i r c u i t  f a b r i c a t i o n .  This i n v e s t i g a t i o n  
produced t h e  block diagram i n  Figure 9 .  A more complete 
b lock  diagram is  shown i n  Figure 10.  This approach i s  
i d e n t i c a l  t o  t h e  preceding system except  t h a t  a d i g i t a l  
ramp genera tor  r ep l aces  t he  analog ramp genera tor .  The 
f i r s t  s i g n i f i c a n t  f e a t u r e  i s  t h a t  t he  clock frequency is 
now 320 KC r a t h e r  than  2 .5  KC. This  means t h a t  t h e  b a s i c  
components which c o n t r o l  t h e  time cons t an t ,  can be  reduced 
by a f a c t o r  of 128. This  makes them r e a d i l y  producib le  i n  
an  i n t e g r a t e d  c i r c u i t .  I n  add i t i on ,  t h e  mechanism f o r  
genera t ing  the  ramp vo l t age  i n  t h i s  system i s  no t  s ens i -  
t i v e  t o  parameter d r i f t s .  
Of t hese  fou r  approaches, t h e  f i r s t  was r e j e c t e d  because 
of t h e  varying r e p e t i t i o n  r a t e ,  and t h e  second because 
of r equ i r ing  components a t  t h e  l i m i t  of t h e  e x i s t i n g  
a r t .  The t h i r d  and f o u r t h  approaches a r e  s i m i l a r ,  t h e  
major d i f f e r e n c e  being i n  t h e  method of gene ra t ing  t h e  
l i n e a r  ramp. Because of t h e  l a r g e  RC product r equ i r ed  
by t h e  t h i r d  approach i n  t he  analog ramp gene ra to r ,  i t  
was o r i g i n a l l y  f e l t  t h a t  t h e  fou r th  approach, us ing  a 
b ina ry  counter  and D / A  conver te r  t o  f u r n i s h  a s t a i r c a s e  
ramp w i t h  128 d i s c r e t e  l e v e l s  would o f f e r  t h e  b e s t  method 
of r e a l i z i n g  t h e  d e s i r e d  subsystem performance.  Accord- 
i n g l y ,  i n i t i a l  e n g i n e e r i n g  and d e s i g n  e f f o r t  was expended 
on t h i s  d i g i t a l  implementat ion o f  t h e  c o n v e r t e r ,  w i t h  t h e  
knowledge t h a t  t h e  ana log  ramp g e n e r a t i o n  would b e  a n  
a l t e r n a t i v e  t o  f a l l  back on i f  d i f f i c u l t i e s  shou ld  a r i s e  
i n  t h e  d i g i t a l  method. 
2 . 3  C i r c u i t  Design C o n s i d e r a t i o n s  
-
2 .3 .1  D i g i t a l  System Development 
2 . 3 . 1 . 1  System D e s c r i p t i o n  
The l o g i c  diagram of  t h e  s e l e c t e d  sys tem ( t h e  
d i g i t a l  ramp g e n e r a t o r )  i s  shown i n  F i g u r e  10.  
The b a s i c  approach i s  t o  develop a  ramp v o l t a g e  
which can b e  compared w i t h  t h e  incoming s i g n a l .  
At t h e  t ime of c o i n c i d e n c e ,  t h e  o u t p u t  w i l l  
change from a  "1" t o  a  "0" s t a t e ,  t h u s  con- 
t r o l l i n g  t h e  duty-cycle  of a  series s w i t c h  
i n  a  switching-mode power supp ly  r e g u l a t o r .  
The l o g i c  c o n t r o l  of t h i s  sys tem i s  s t r a i g h t -  
fo rward ,  A 320 KC c l o c k  d r i v e s  an eight b i t  
counter .  The f i r s t  seven b i t s  provide t h e  
c o n t r o l  t o  t h e  "Ramp   en era tor". This  p o r t i o n  
of t h e  counter  a l s o  provides t h e  r e p e t i t i o n  
r a t e ,  which is  320 KC + 128 = 2.5 KC.  
The e i g h t h  f l i p - f l o p  c o n t r o l s  t h e  two ou tpu t s  
so  t h a t  they a r e  "on" during a l t e r n a t e  pe r iods .  
This  i s  accomplished by the  use of t h e  two 
output  g a t e  d r i v e r s .  This l o g i c  design,  which 
u t i l i z e s  a s i n g l e  c lock ,  i n s u r e s  t h a t  t h e  
device w i l l  meet t h e  output-time-symmetry re -  
quirements.  
Ramp Generator -- The ramp gene ra to r  c i r c u i t  
i s  shown i n  s i m p l i f i e d  form i n  Figure 11. 
This c i r c u i t  i s  a s tandard  analog t o  d i g i t a l  
conver te r .  The only unique f e a t u r e  is  t h a t  
t h e  r e f e rence  inpu t  is  s e t  a t  +10 v o l t s  by 
t h e  r e s i s t o r  d i v i d e r  network. This is  neces- 
s a r y  s i n c e  t h e r e  is  no nega t ive  supply p o t e n t i a l  
a v a i l a b l e  t o  use  t h e  ampl i f i e r  i n  t h e  normal 
conf igura t ion .  The a m p l i f i e r  use i n  t h i s  
a p p l i c a t i o n  i s  a s  an i n v e r t i n g  a m p l i f i e r .  
The o u t p u t  w i l l  go a s  f a r  toward ground a s  
n e c e s s a r y  t o  b a l a n c e  +10 v o l t s  on t h e  i n v e r t -  
i n g  t e r m i n a l  of t h e  a m p l i f i e r .  When a l l  t h e  
s w i t c h e s  a r e  on and a l l  t h e  p a r a l l e l  r e s i s t o r s  
a r e  conduc t ing ,  an  equivalent:  r e s i s t a n c e  of 
1 K  i s  g e n e r a t e d .  S i n c e  t h e  feedback r e s i s t o r  
i s  1 K  a l s o ,  t h e  o u t p u t  of t h e  a m p l i f i e r  must 
go t o  z e r o  v o l t s  t o  produce a + l o  v o l t s  a t  
t h e  i n v e r t i n g  t e r m i n a l .  When a l l  t h e  s w i t c h e s  
a r e  o f f  o n l y  t h e  256K r e s i s t o r  i s  conduc t ing .  
The o u t p u t  of t h e  a m p l i f i e r  must go t o  a lmos t  
1 0  v o l t s  t o  produce 1 0  v o l t s  a t  t h e  i n v e r t i n g  
t e r m i n a l .  
S i n c e  t h e  o u t p u t  o f  t h e  a m p l i f i e r  must b e  
n e g a t i v e  w i t h  r e s p e c t  t o  t h e  i n p u t  t e r m i n a l s ,  
i t  was n e c e s s a r y  t o  b i a s  t h e  i n p u t  t e r m i n a l  
t o  a  p o s i t i v e  v o l t a g e .  The r e s i s t o r  d i v i d e r  
can a l s o  b e  used t o  c o r r e c t  any o f f s e t  i n  t h e  
a m p l i f i e r ,  
I n  t h e  above c o n f i g u r a t i o n  t h e  r e s i s t o r s  a r e  
g a t e d  "on" s e q u e n t i a l l y  by t h e  c o u n t e r  which i s  
coun t ing  up, Every t ime t h e  c o u n t e r  advances  
one step, the  output voltage drops one increrielit 
of 128, This continues mti l  the  counter- reaches 
a l l  ones. When t h i s  occurs the  output of the  
ampli f ier  i s  zero vo l t s .  In  the  very next pulse 
t he  counter r e s e t s  t o  all zeros and the  outuut 
of the  amplif ier  goes immediately t o  +10 vo l t s .  
In  t h i s  fashion a s t a i r ca se  :approximation of 
t h e  ramp function is  generated. 
An important point  t o  note i s  t h a t  the  absolute 
value of the  r e s i s t o r s  i s  not important i n  t h i s  
c i r c u i t  as a l l  voltage v d u e s  a r e  derived fror.1 
r e s i s t o r  r a t i o s .  This i s  s ign i f ican t  a s  diffused 
r e s i s t o r s  do change with temperature but they 
w i l l  all t rack  proportionally. 
It should a l so  be noted t h a t  t heo re t i c a l l y  enti 
points  of 0% duty cycle and 100% duty cycle car? 
be achieved since the  system i s  l i n e a r  i n  
these  regions. 
Precision Reference Source --  Figure 1 2  shows %kc 
schematic of the  precision reference source. 
This consis ts  primarily of a Zener diode with 
th ree  forward conducting diodes and a pre- 
regulator.  The pre-regulator i s  necessary t o  
a c h i e v e  a  h i g h  degree  of s t a b i l i t y .  The o u t p u t  
of t h e  r e f e r e n c e  e lement  w i t h  4 ma c u r r e n t  
( c ross -over  p o i n t )  i s  10.40 v o l t s .  It i s  
t h e r e f o r e  n e c e s s a r y  t o  s c a l e  down t h e  i n p u t  
v o l t a g e  t o  t h e  same range  w i t h  r e s i s t o r s .  T h i s  
p r o v i d e s  t h e  r e f e r e n c e  t o  compare w i t h  t h e  i n p u t  
v o l t a g e .  
Using an a m p l i f i e r  w i t h  c o n t r o l l e d  g a i n ,  t h e  
e r r o r  v o l t a g e  i s  a m p l i f i e d  t o  b e  +10 v o l t s  f o r  
t h e  maximum v o l t a g e  of 2 0 . 1  v o l t s .  See F ig .  1 3 .  
When t h e  i n p u t  v o l t a g e  i s  19 .9  v o l t s  (20.00 - 
.1 v o l t s )  t h e  o u t p u t  o f  t h e  a m p l i f i e r  i s  z e r o  
v o l t s .  The p e c u l i a r  feedback arrangement t h a t  
i s  n e c e s s a r y  i s  due t o  t h e  f a c t  t h a t  t h e  
a m p l i f i e r  i s  u n i p o l a r  i n  o u t p u t .  
Output C i r c u i t  -- The o u t p u t  c i r c u i t  is  a  
combined "and" g a t e  and power d r i v e r .  A 
s i m p l i f i e d  schemat ic  i s  shown i n  F i g u r e  1 4 .  
I f  e i t h e r  i n p u t  i s  grounded then  Q1 and Q2 a r e  
" o f f " .  I f  b o t h  i n p u t s  a r e  open (C  20V) t h e n  
t h e  v o l t a g e  a t  p o i n t  "A" i s  determined by t h e  
r a t i o  of R and R2.  T h i s  r e s i s t o r  node h a s  1 
a nominal v o l t a g e  of 7 . 1  VDC. Approximately 
0.7  v o l t s  is  dropped ac ros s  t h e  diode,  and 
1 . 4  v o l t s  a c r o s s  t h e  Dar l ing ton  p a i r  of t r a n -  
s i s t o r s  t hus  provid ing  a  nominal 5.0 v o l t  out- 
pu t  from a low impedance. 
These two ou tpu t s  can be  used s e p a r a t e l y  t o  
provide  s i g n a l s  t o  a  two-phase swi tch ing  c i r c u i t ,  
o r  t h e  two ou tpu t s  can be  sho r t ed  t o  provide  
a  cont inuous ou tput  on a  s i n g l e  l i n e .  Th i s  
con f igu ra t i on  thus  s a t i s f i e s  t h e  requirements  
of p rovid ing  a  dua l  func t ion  i n  a  s i n g l e  des ign .  
Comparator Amplif ier  -- The comparator a m p l i f i e r  
i s  a  d e r i v a t i o n  of Westinghouse's s t anda rd  Opera- 
t i o n a l  Ampl i f ie r ,  t h e  WS-8199. A pre l iminary  
schematic  of t h i s  is  shown i n  F igure  15.  Typica l  
parameters  of t h e  a m p l i f i e r  a r e :  
Open loop ga in  86 dB 
Inpu t  impedance > 300 K ohms 
Output impedance < 100 ohms 
Gain bandwidth product  > 5 MC 
Output v o l t a g e  swing + 10 V 
Common mode r e j e c t i o n  > 60 dB 
DC o f f s e t  vo l t age  < 5 mV 
D r i f t  < 5 yV/"C 
% 
Power d i s s i p a t i o n  % 350 mW. 
2 .3 .1 .2  
A s  t h e  b readboard  models of t h e  v a r i o u s  p a r t s  
of d i g i t a l  subsystems were  made and t e s t e d ,  
v a r i o u s  changes and improvements were  found 
n e c e s s a r y  over  t h e  c i r c u i t s  o r i g i n a l l y  pro- 
posed,  a s  r e p r e s e n t e d  by F i g u r e s  10 th rough  
1 5 .  Thus t h e  ramp g e n e r a t o r  shown i n  F i g u r e s  
1 0  and 11 u s i n g  weigh ted  r e s i s t o r  v a l u e s  w a s  
r e p l a c e d  by t h a t  o f  F i g u r e  1 6 ,  u s i n g  a  2- 
v a l u e d  r e s i s t o r  l a d d e r  network,  t h e r e b y  p e r -  
m i t t i n g  much g r e a t e r  e a s e  i n  matching r e -  
s i s t o r  v a l u e s .  The d i f f e r e n t i a l  e r r o r  ampli-  
f i e r  shown i n  b l o c k  form i n  F i g u r e  1 3  was 
r e a l i z e d  a s  t h e  feedback a m p l i f i e r  of F i g u r e  
20, where in  t h e  two i n t e r n a l  feedback l o o p s  
p r o v i d e  a  s t a b l e  o v e r a l l  v o l t a g e  g a i n  of 40 
and a DC s h i f t  from t h e  z e r o - e r r o r  +10.00 
v o l t  i n p u t  t o  t h e  z e r o - e r r o r  o u t p u t  of 4-5.0 
v o l t s .  The o u t p u t  c i r c u i t  was changed from 
t h e  power d i o d e - t r a n s i s t o r  l o g i c  (DTL) con- 
f i g u r a t i o n  of F i g u r e  1 4  t o  t h e  p a r a l l e l  t r a n -  
s i s t o r  NAND g a t e  of F i g u r e  22d. F i n a l l y ,  t h e  
cascaded Zener d iode  v o l t a g e  r e f e r e n c e  s o u r c e  
of F i g u r e  1 2  gave way t o  t h e  feedback v o l t a g e  
r e g u l a t o r  o f  F i g u r e  19 .  
The completed breadboard v e r s i a n  of t h i s  
d i g i t a l  subsystem, u s ing  d i s c r e t e  components, 
was t e s t e d  i n  conjunc t ion  wi th  power ou tput  
s t a g e s  a t  t h e  JPL l a b o r a t o r i e s  i n  January, 
1966. 
Although performance was e s s e n t i a l l y  w i t h i n  
expec t a t i ons ,  s e v e r a l  problems p e c u l i a r  t o  
t h i s  d i g i t a l  implementation were po in t ed  up 
and prompted a f u r t h e r  cons ide ra t i on  of t h e  
p o s s i b i l i t i e s  of an analog approach. Fore- 
most among t h e s e  problems was t h e  suscept -  
i b i l i t y  of t h e  count ing  c i r c u i t s  t o  f a l s e  
t r i g g e r i n g  from system t r a n s i e n t s ,  thereby 
producing g ros s  e r r o r s  i n  t h e  s t a i r c a s e  ramp 
waveform. Another problem was t h e  s eve re  
r a t i o  accuracy requirement  of t h e  l adde r  n e t -  
work r e s i s t o r s .  The ramp n o i s e  occasioned 
i n  t h e  summing a m p l i f i e r  ou tput  by t h e  r i p p l e  
c a r r y  of  t h e  7-b i t  counter  was a f u r t h e r  draw- 
back t o  t h i s  d i g i t a l  approach. Accordingly,  
a d e t a i l e d  comparison between d i g i t a l  and 
analog implementations of t h e  voltage-duty 
cyc l e  conver te r  was made, and i s  contained 
i n  t h e  fol lowing paragraphs.  
2.3.1.3 Comparison of Analog and Dieital System d ~ ~ ~ ~ . A v  c'; 
- 
Typically, analog systems r e l y  neavily on tile 
charac te r i s t i cs  of a few conponents and becone 
extremely complex when car r ied  t o  zccuracy 
extremes. Dig i ta l  systems inherently require a 
l a rge  number of components, but  c:ome in to  t h e i r  
own when high degrees of accuracy a r e  require?. 
The crossover point  i s  usually determined by 
the  system requirements o r  device l i n i t a t i o n s .  
The overa l l  s e n s i t i v i t y  of the Duty Cycle 
Generator was determined on the  bas i s  of accep.L- 
able  load regulation (+ .5$) and i s  qui te  i i i  
l i n e  with p r ac t i c a l  degrees of temperature 
s t a b i l i t y  (-1- .25%) which i s  a device l im i t a t i on ,  
The reference element and d i f f e r e n t i a l  amplif ier  
input pa i r  determine thebas ic  temperature 
s t a b i l i t y  of t he  system. Ci rcu i t  complexity 
and accuracy of the  remaining blocks must be 
j u s t i f i ed  by comparison with these elements. 
Matching of t he  ladder r e s i s t o r s  i s  l imi ted by 
device technology and was estimated a t  t0.37;. 
This l imi ta t ion  might be improved by s l i g h t l y  
modified fabr icat ion approaches, Kowever, if 
t h i s  were done, the  accuracy of the ladder 
supplies would have t o  be improved by further 
complexity t o  match the  new l eve l s  of accuracy. 
Ultimately, the  accuracy of the  d i g i t a l  ramp 
would probably exceed t h a t  of the  analog t r i ang le ,  
bu t  f u r the r  refinement does not seem ju s t i f i ed  
based on system requirements and block capab i l i t i e s .  
In order t o  maximize design F lex ib i l i ty ,  t he  
combined e f f e c t  of s e n s i t i v i t y  and l i n e a r i t y  were 
lFmited by Jet  Propulsion Laboratory t o  +3$. 
This tolerance is  spread among several. con t r i -  
buting f ac to r s  between +0.1$ and 0.5% each. 
This would indicate  t h a t  design complexity i s  
i n  l i n e  with fundamental technology l imi ta t ions .  
~ht? Analog Triangle Function Generator has been 
designed t o  meet the  present l i n e a r i t y  spec i f i -  
ca t ion of t h e  Dig i ta l  Ramp Generator. 
A summary of all comparisons made i n  t h i s  sect ion 
a r e  l i s t e d  i n  Table 1- In  t he  d i g i t a l  approach, 
s e n s i t i v i t y  i s  d i r e c t l y  re la ted  t o  the  aux i l i a ry  
power supply voltage which has an accuracy of 
'0.3%. This tolerance i s  determined by the  same 
considerations which determine the  threshold 
accuracy of the  Bistable Level Detector in  the  
analog system, Linear i ty  of the  d i g i t a l  ramp i s  
r e l a t e d  t o  t h e  l a d d e r  r a t i o s  (r 3%) p l u s  t h e  
l o a d  r e g u l a t i o n  of t h e  a u x i l i a r y  s u p p l i e s  
+ (- . 4 % ) .  L i n e a r i t y  of t h e  t r i a n g l e  g e n e r a t o r  
is r e l a t e d  t o  t h e  o p e r a t i o n a l  a m p l i f i e r  a s  
-I- d i s c u s s e d  earlier and i s  b e t t e r  t h a n  - 0.5%. 
Without f u r t h e r  m o d i f i c a t i o n  i t  a p p e a r s  t h a t  
t h e  accuracy  o f  t h e  two approaches  i s  q u i t e  
comparable.  
I n  t h i s  sys tem,  component count  f o r  e q u a l  
a c c u r a c i e s  f a v o r s  t h e  ana log  approach,  a s  
i n d i c a t e d  i n  Table  11. However, cons ider -  
a t i o n  must b e  g i v e n  t o  t h e  t y p e s  and rel i-  
a b i l i t y  of t h e  components i n v o l v e d .  It t u r n s  
o u t  h e r e  t h a t  a l l  of  t h e  components e x c e p t  
c a p a c i t o r s  are q u i t e  comparable i n  r e l i a b i l i t y  
( i n c l u d i n g  d i o d e s  v e r s u s  t r a n s i s t o r s ) .  The 
TEOS c a p a c i t o r  used  i n  t h e  b i n a r i e s  can b e  a  
prime f a c t o r  i n  t h e  y i e l d  and r e l i a b i l i t y  of 
t h e  b i n a r i e s  as can t h e  t an ta lum c a p a c i t o r  
i n  t h e  ana log  system.  A component count  
comparison of t h e  f i n a l  sys tem w i t h  t h e  
e a r l i e r  d e s i g n  is  g i v e n  i n  Tab le  III. 
A s  shown i n  Table IY, t h e  d i g i t a l  approach 
r e q u i r e s  2 wa t t s  of power d i s s i p a t i o n  even a f t e r  
r edes ign  of t h e  b i n a r i e s ,  whi le  t h e  analog approach 
r e q u i r e s  1.3 wa t t s .  1 . 3  w a t t s  would a l low ope ra t ion  
i n  f r e e  a i r ,  b u t  i s  no t  adv i sab le  from load  regula-  
t i o n  cons ide ra t ions .  I n  both systems device  d i s s i -  
pa t ion  w i l l  be  somewhat a func t ion  of du ty  cyc l e  
(+lo%) and would cause d r i f t  i n  t h e  r e f e r e n c e  
- 
element i f  used i n  f r e e  a i r .  A comparison of 
system power requirements ,  inc luding  t h a t  of t h e  
f i n a l  des ign ,  i s  shown i n  Table V.  Cha t t e r  i n  t h e  
duty  c y c l e  of t h e  d i g i t a l  system i s  caused and/or  
magnified by t h e  presence of high frequency sp ikes  
i n  t h e  a m p l i f i e r  and on t h e  ramp. These sp ikes  
may be reduced by va r ious  methods of ground, power 
supply i s o l a t i o n  and s h i e l d i n g ,  bu t  remain a 
problem i n  t h e  d i g i t a l  system. 
A t  t h i s  po in t  of development, i t  was no t  obvious 
whether swi tch ing  t r a n s i e n t s  w i t h i n  t h e  regula-  
t o r  i t s e l f  would b e  adequately ignored by t h e  
Duty Cycle Generator, bu t  t h i s  problem was t h e  
case  i n  e i t h e r  t he  analog o r  d i g i t a l  approach. 
This  problem could be  solved by a c i r c u i t  
which would l i m i t  t h e  output  t o  one pu l se  
pe r  cyc l e ,  Frequency shaping of t h e  a m p l i f i e r  
f o r  loop s t a b i l i z a t i o n  i s  l i m i t e d  by in -  
c reased  s e n s i t i v i t y  t o  high frequency s p i k e s .  
I n  t h e  d i g i t a l  system, a minimum of two ch ips  
a r e  needed, cons ider ing  only t h e  process  d i f -  
f e r ences  r equ i r ed  f o r  high speed d i g i t a l  t r an -  
s i s t o r s  and h igh  b e t a  analog u n i t s .  Yield 
measurements may i n c r e a s e  t h e  number. 
The analog system r e q u i r e s  a minimum of one 
ch ip ,  bu t  w i l l  be  more p r a c t i c a l  from the  
f a b r i c a t i o n  po in t  of view, i f  a t  l e a s t  two 
a r e  used. Again, y i e l d  requirements may i n -  
c r ease  t h i s  number. There i s  very l i t t l e  
d i f f e r e n c e  i n  t he  number of jumper bonds 
s i n c e  they  would be used p r imar i ly  between 
f u n c t i o n a l  blocks when necessary.  
2 .3 .2  Analog System Development 
2.3.2.1 Analog System Descr ip t ion  
A t  t h e  time of t r a n s f e r  of t he  Analog Voltage 
t o  Duty Cycle Generator p r o j e c t  from t h e  
Westinghouse Molecular E lec t ron ic s  Div is ion ,  
West Coast Department, t o  t h e  Westinghouse 
Research Labora tor ies ,  Information Devices 
Department, an analog implementation of t h e  
Duty Cycle Generator had been cons t ruc ted  i n  
two forms; one a d i s c r e t e  component working 
breadboard model, and t h e  o t h e r  a model us ing  
i n t e g r a t e d  c i r c u i t  components of t h e  Westing- 
house " I n s t a c i r c u i t "  type  toge the r  wi th  some 
d i s c r e t e  components. A s  shown by t h e  b lock  
diagram of Figure 17 ,  t h i s  subsystem inc ludes  
a  r e f e rence  supply,  a  d i f f e r e n c e  a m p l i f i e r ,  a  
t r i a n g l e  waveform genera tor  cons i s t i ng  of  a  
b i s t a b l e  element and a n  i n t e g r a t o r ,  a  compara- 
t o r  c i r c u i t ,  and an output  c i r c u i t  c o n s i s t i n g  
of a  b ina ry  element and power g a t e s .  The 
opera t ing  waveforms of t h i s  subsystem a r e  
shown i n  Figure 18 ,  which shows how the  out-  
pu t  duty cyc le  changes wi th  l e v e l  of t he  
ampl i f ied  e r r o r  vo l t age  ( i . e . ,  wi th  d i f f e r -  
ence a m p l i f i e r  ou tpu t ) .  Also shown i s  a  com- 
bined full-wave output  ob ta ined  by s h o r t i n g  a 
c o n t r o l  p i n  t o  ground. 
The c i r c u i t s  f o r  t h e  s e v e r a l  blocks a r e  shown 
i n  Figures  19 through 22. The major d i f f i c u l t y  
i n  t h i s  ve r s ion  was t h e  0.05 pF i n t e g r a t i n g  
capac i to r  of t h e  t r i a n g l e  gene ra to r ,  which, i f  
made by tantalum film-tantalum oxide techniques 
L y i e l d i n g  0.6 pf per  m i l  , would r equ i r e  80,000 
2 
m i l  , i . e . ,  an a r e a  measuring 400 m i l s  by 
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200 m i l s .  La t e r  i n v e s t i g a t i o n s  showed t h a t  
t he  i n t e g r a t i n g  c a p a c i t o r  and r e s i s t o r  could 
be  changed from 0.05 PF and 1000 ohms t o  500 
pf and 100 K w i t h  no l i n e a r i t y  degradat ion 
a t  room temperature ( s ee  Figure 23). The 
va lues  of t h e s e  b i g  i n t e g r a t i n g  c i r c u i t  com- 
ponents were f i n a l l y  f i x e d  a t  .002 VF ( r equ i r -  
i ng  an  80 x 40 m i l  a r ea )  and 25 K a s  a  com- 
promise between l a r g e  a r e a  requirements and 
s t a b l e  performance over t h e  requi red  tempera- 
t u r e  range. 
Fur ther  s tudy  and development of t hese  c i r c u i t s  
showed t h a t  t h e  i n t e g r a t i n g  c i r c u i t  d r i v e r  of 
Figure 21 could b e  omit ted because of t h e  much 
lower d r i v e  requirements of t h e  25 Kilohm 
i n t e g r a t i n g  r e s i s t o r .  I n  add i t i on ,  i t  was 
found t h a t  t h e  7 - t r ans i s to r  balanced inpu t  
i n t e g r a t i n g  a m p l i f i e r  of Figure 21 could be 
replaced by t h e  4 - t r a n s i s t o r  single-ended 
inpu t  a m p l i f i e r  of F igure  24, a s  t h e  only 
e f f e c t  of DC d r i f t  a t  t h i s  s t a g e  i s  t o  change 
t h e  symmetry of t h e  output  t r i a n g u l a r  wave- 
form, but  does no t  a f f e c t  t h e  r e s u l t a n t  
duty cyc l e  o r  ope ra t ing  frequency, a s  
i l l u s t r a t e d  by Figure 25. 
The circuits finally adopted for integration 
on silicon chips are shown in Figures 26 
through 29. A n  evaluation of their behavior 
relative to the system specifications is pre- 
sented in the following section. 
2.3.3 Analysis of Circuit Performance and Specifications 
2.3.3.1 Performance Specifications 
The performance specifications for the analog 
voltage to duty cycle converter, originally 
dated 2/12/65 and amended 12/9/65, can be sum- 
marized as follows: 
+ 1. Repetition Rate: 2.5 KC - 10% 
2. Output Level (Vo,I ) :  
0 
"1" level: I I. 16 5 PA at Vo = + 20V, T = 75°C 
"0" level: V ,< 0.5V at I. = - 50 mA, 
0 
-10°C -5 T < 75OC, 
< 21v 19V 4 Vs , 
(3 and 4 are deleted by amendment of 12/9/65). 
5. Supply Power (V ) : 
s 
V = 20 V.D.C. 2 1V 
s 
6. Input Signal (V. ) : 
1 
4- V. (center value) = 10V - 0.01V 
1 
Source Impedance = lOKG 2 5% 
7. C i r c u i t  S e n s i t i v i t y  (C.S.) :  
Nominally C.S. = +I% d u t y  cyc le / -0 .001  v o l t  
i n p u t .  
S p e c i f i c a l l y ,  1 97%-3%/-0 .O5V-(f0 .05~)  /= 
0.94%/mV j 1C.S. 1 j 197%-3% -0.03hV - 
(+O. 0360) / = 1.3%/mV 
(Note: The h i g h  l i m i t  on s e n s i t i v i t y ,  1.3%/ 
mV, cor responds  t o  a +3 db t o l e r a n c e  
on c i r c u i t  s e n s i t i v i t y  agreed  upon 
v e r b a l l y  by A. Sch loss  of J e t  Pro- 
p u l s i o n  Labora to ry  and P. Malmberg 
and M. Geisler of Westinghouse on 
9 /7 /67 .  ) 
8. Output L i n e a r i t y  : 
Duty c y c l e  o u t p u t  v s  v o l t a g e  i n p u t  l i n e a r  
4- 
w i t h i n  - 2.5% between 3% and 97% du ty  c y c l e  
p o i n t s .  
9 .  Output Symmetry: 
(to,),= ( t  ) + 0 . 5 % ,  and ON B - 
( t l / 2 ) ~  = ( t l / 2 ) B  0.25%, 
where (t: ) = "ON" t i m e  o f  A o r  B o u t p u t ,  ON A,B 
1 
= - c y c l e  p e r i o d  between t h e  
and ( t l / 2 ) ~ , ~  2  
s t a r t s  of t h e  A and B "ON" t i m e s ,  o r  o f  t h e  
B and A "ON" t i m e s .  
10.  Temperature:  
-10°C t o  +75OC 
11. Output Rise and F a l l  Time: 
4 0.5 US from "0" s t a t e  t o  "1" s t a t e ,  
o r  from "1" s t a t e  t o  "0" s t a t e .  
12. C i r c u i t  S t a b i l i t y :  
I f  a  given duty cyc l e  = X %, and Vi(X1%) 1 
is  t h e  corresponding inpu t  vo l t age ,  then 
Vi(Xl%)max - Vi(Xl%Imin < 0.025 V f o r  
-lO°C < T < +75OC and 
2.3.3.2 C i r c u i t  and Component Design a s  Related 
t o  Performance S p e c i f i c a t i o n s  
The p l a n a r  s i l i con- tan ta lum f i l m  hybr id  techno- 
logy chosen t o  implement t h e  vol tage-duty cyc le  
genera tor  design o f f e r s  t he  combination of i n t e -  
g r a t e d  c i r c u i t  compactness and r e l i a b i l i t y  to- 
ge the r  w i th  t h e  temperature s t a b i l i t y  and pre-  
c i s i o n  of tantalum f i lms .  The p re sen t  des ign  
uses  s e v e r a l  b a s i c  p r i n c i p l e s  t o  meet t h e  D.C .  
p r e c i s i o n  and temperature s t a b i l i t y  s p e c i f i c a -  
t i o n s  l i s t e d  i n  the  preceding s e c t i o n .  Perhaps 
t h e  most s i g n i f i c a n t  of t hese  i s  t h e  use of 
r e s i s t a n c e  r a t i o s  t o  determine vo l t age  l e v e l s  
and ga ins  of feedback a m p l i f i e r s .  A s  shown i n  
Table V I ,  t h i s  a f fo rds  a  s t a b i l i t y  i n  t h e  de te r -  
mined quan t i t y  of about 20 ppmI0C f o r  d i f f u s e d  
r e s i s t o r s ,  o r  2 ppm/"C f o r  tantalum n i t r i d e  
r e s i s t o r s .  A second p r i n c i p l e  used is  t h e  
vo l t age  s t a b i l i t y  of an ad jo in ing  p a i r  of 
t r a n s i s t o r s  used a s  a d i f f e r e n c e  o r  comparing 
a m p l i f i e r ,  y i e l d i n g  i n p u t  s t a b i l i t i e s  of about 
20 vV/"C o r  l e s s .  Another p r i n c i p l e  is  t h e  use 
of t h e  tantalum n i t r i d e  f i l m  r e s i s t o r s  and tan- 
talum c a p a c i t o r s  where t h e  h ighes t  temperature 
s t a b i l i t y  i s  r equ i r ed .  Table V I  l i s t s  t h e  
p r i n c i p l e  D.C .  c h a r a c t e r i s t i c s  of t h e  c i r c u i t  
components, t oge the r  w i th  t h e i r  temperature co- 
e f f i c i e n t s .  
The tantalum f i l m  technology o f f e r s  a f u r t h e r  
s i g n i f i c a n t  advantage requi red  i n  t he  p re sen t  
subsystem, namely t h e  p o s s i b i l i t y  of r e s i s t o r  
trimming by an e lec t rochemica l  micro-technique 
t o  an exac t  va lue ,  w i th  an a t t a i n a b l e  p rec i -  
s i o n  of b e t t e r  than 0.1%. A major f e a t u r e  of 
t h e  f i n a l  design is  t h e  c a p a b i l i t y  of trimming 
only one r e s i s t o r  i n  t h e  assembled, mounted, 
and in te rconnected  system t o  o b t a i n  a 50% 
duty cyc l e  output  f o r  a cen te r  va lue  i n p u t  
s i g n a l  of 10V + - 0.01V ( s p e c i f i c a t i o n  $16, pre-  
ceding s e c t i o n ) .  This r e s i s t o r  i s  one of t h e  
p a i r  which determines t h e  output  l e v e l  of t h e  
vo l t age  r e fe rence  source .  By a d j u s t i n g  it 
a f t e r  f i n a l  assembly, compensation i s  obta ined  
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f o r  D.C.  o f f s e t s  i n  t he  e r r o r  a m p l i f i e r ,  t r i -  
angle  genera tor  and comparator. The o t h e r  
s p e c i f i c a t i o n s  a r e  met by t h e  component t o l e r -  
ances and t r ack ing  accurac ies  i n  t h e  subsystem 
a s  f a b r i c a t e d ,  and do n o t  r e q u i r e  i n i t i a l  
adjustment of t h e  c i r c u i t  component va lues .  
A f u r t h e r  understanding of how t h i s  is  accom- 
p l i shed  may be  obta ined  by r e fe rence  t o  Fig.30,  
which shows t h e  D.C. l e v e l s  and p e r t i n e n t  wave- 
forms a t  va r ious  p o i n t s  i n  t he  subsystem to-  
ge the r  wi th  t h e i r  l a b e l s ,  and Table VII, which 
l is ts  the  va r ious  s u b c i r c u i t s  and t h e i r  c o n t r i -  
bu t ion  t o  subsystem performance. 
The output  r i s e  and f a l l  times a r e  dependent 
on output  t r a n s i s t o r  speed, inc luding  t h e  
e f f e c t s  of s t o r e d  charge i n  t h e  base  reg ion .  
The p re sen t  design g ives  r i s e  t imes of about  
0.2 u s ,  w e l l  w i t h i n  t h e  0 .5  p s  s p e c i f i c a t i o n  
l i m i t .  The output  symmetry requirements  
( s p e c i f i c a t i o n  9 of t h e  preceding s e c t i o n )  a r e  
e a s i l y  met by t h e  b a s i c  design of t h e  subsystem, 
using a s  i t  does two a l t e r n a t i n g  output  channels 
which time s h a r e  t h e  same analog-duty c y c l e  con- 
ve r s ion  channel and which a r e  s e p a r a t e l y  enabled 
by a l t e r n a t e  whole cyc l e s  of t h e  b a s i c  r e p e t i t i o n  
r a t e  source--the t r i a n g l e  waveform gene ra to r .  
3. FABRICATION PROCEDURES 
- 
The design f o r  t h e  system having been f i n a l l y  determined a s  c o n s i s t -  
i n g  of fou r  monoli thic  blocks and a d i s c r e t e  t h i n  f i l m  c a p a c i t o r  u t i l i z -  
i ng  tantalum n i t r i d e  and oxide components, t h e  f a b r i c a t i o n  of t hese  u n i t s  
could proceed. 
The monol i th ic  blocks a r e :  
( a )  Reference Supply 
(b)  T r i ang le  Function Generator wi th  Di sc re t e  Capaci tor  
(c )  Di f fe rence  Amplif ier  
(d) D i g i t a l  Output 
3 . 1  Tantalum Components 
-
The use of tantalum t h i n  f i l m  components i n  t h i s  system is  
d i c t a t e d  by the  s t r i n g e n t  requirements f o r  r e s i s t o r  va lues  
and t h e  l a r g e  va lues  of capac i tance  r equ i r ed  f o r  t he  t r i a n g l e  
genera tor  which would n o t  be p o s s i b l e  by convent ional  i n t e -  
g ra t ed  c i r c u i t  techniques.  
A cons iderable  amount of background work i n  analyzing the  
var ious  methods of depos i t i on  of tantalum t h i n  f i l m  components 
was c a r r i e d  out  and t h i s  i s  repor ted  i n  Appendix 11. It was 
determined t h a t  t h e  b e s t  c o n t r o l  on r e s i s t o r  shee t  r e s i s t a n c e  
and minimum temperature dependence could be  obtained using 
tantalum n i t r i d e  a s  t h e  r e s i s t o r  f i lm.  
3.1.1 Tantalum N i t r i d e  R e s i s t o r s  
Tantalum n i t r i d e  r e s i s t o r s  covered wi th  anodica l ly  grown 
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tantalum oxide e x h i b i t  h igh  s t a b i l i t y .  Such f i lms  are 
s p u t t e r e d  through d e l i b e r a t e  a d d i t i o n  of n i t rogen  t o  
t h e  argon s p u t t e r i n g  g a s ,  To f a b r i c a t e  t he  r e s i s t o r s  
and capac i to r s  i n  a compatible manner wi th  d i f fused  
s i l i c o n  monoli thic  c i r c u i t s ,  t h e  fol lowing masking 
technique was developed: The d i f f u s e d  s i l i c o n  wafers  
a r e  covered wi th  an aluminum r e j e c t i o n  mask, t h e  d e l i n e -  
a t i o n  of which is  made by normal p h o t o r e s i s t  techniques.  
The mask has  windows wi th  t h e  form of t h e  requi red  re-  
s i s t o r s .  A f i l m  of tantalum is  then  spu t t e r ed  r e a c t i v e l y  
over  t h e  aluminum. Af t e r  r e j e c t i n g  t h e  aluminum mask a 
second aluminum l a y e r  i s  d e l i n e a t e d  applying p h o t o r e s i s t  
technique.  This mask leaves  uncovered t h e  a reas  of t h e  
tantalum n i t r i d e  f i l m  which a r e  t o  b e  anodized, b u t  
i n t e r connec t s  t h e  r e s i s t o r s  on t h e  wafer.  The tantalum 
n i t r i d e  is then anodized along wi th  t h e  aluminum. The 
next  s t e p  is  t o  d i s s o l v e  t h e  aluminum A 1  0 mask. Af t e r  2 3 
evapora t ing  a new aluminum l a y e r ,  t h e  a c t u a l  i n t e r con-  
nec t ions  a r e  formed by photoetching a s  i n  normal metal-  
2 l i z a t i o n  technique. Gerstenberg and Calbick have shown 
t h a t  t h e  s p e c i f i c  r e s i s t i v i t y  of t h e  spu t t e r ed  n i t r i d e  
m e t a l l i c  compounds is  a func t ion  of t h e  p a r t i a l  n i t r o g e n  
p re s su re  during s p u t t e r i n g ;  a r e s u l t  which was confirmed 
by our experiments.  Grown i n  a p a r t i a l  p re s su re  of .4 
micron of n i t rogen ,  t h e  f i lms  have a s p e c i f i c  r e s i s t i v i t y  
of 250 uQcm. With the  th ickness  of t h e  r e s i s t o r  s t r u c t u r e  
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chosen a t  1000 A, t h e  s h e e t  r e s i s t a n c e  i s  25 R/o , t h e  
temperature c o e f f i c i e n t  of r e s i s t a n c e  is  160 ppmIoC. 
Actua l ly ,  t h e  f i lms  a r e  depos i ted  t o  a th ickness  of 
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1250 A. A 250 A t h i c k  l a y e r  i s  then  converted upon 
0 
anodiza t ion  t o  SiO Following t h i s ,  a 1000 A Ta205 2 ' 
l a y e r  i s  grown, The oxide p r o t e c t s  t h e  r e s i s t o r s .  
3.1.2 Thin Film Capaci tors  
P inholes  i n  e i t h e r  t h e  s i l i c o n  d ioxide ,  t h e  tantalum 
n i t r i d e  o r  t h e  tantalum pentoxide l a y e r  prevented i n t e -  
g r a t i o n  of t h e  l a r g e  a r e a  capac i to r  i n t o  t h e  t r i a n g l e  
genera tor .  The s t r u c t u r e  of t h e  d i s c r e t e  capac i to r s  
c o n s i s t s  of a TaN bottom e l e c t r o d e ,  a s p u t t e r e d  Ta205 
d i e l e c t r i c  and an  aluminum top e l e c t r o d e .  It i s  f a b r i -  
c a t e d  on a low r e s i s t i v i t y  s i l i c o n  wafer .  Af t e r  s c r i b -  
i n g ,  t h e  capac i to r  is  mounted i n  a s e p a r a t e  f l a t  pack. 
The e l e c t r i c a l  c h a r a c t e r i s t i c s  a r e :  
D = .002 ( l o s s  tangent )  
p > lox5 n cm 
TCC = 160 ppm/OC 
3.1.3 Assembly and Operation of a Triode S p u t t e r  System 
A low pressure  t r i o d e  s p u t t e r  system a s  devised by 
3 Spivak e t  a1 w a s  b u i l t  up i n  a form q u i t e  s i m i l a r  t o  
4 
t h e  system c u r r e n t l y  manufactured by CVC , except 
t h a t  i n s t e a d  of using a s i n g l e  c o i l  t o  genera te  t h e  
magnetic f i e l d  a  Helmholtz c o i l  con f igu ra t ion  is  u t i l i z e d ,  
r e s u l t i n g  i n  a  more uniform plasma i n  t he  t a r g e t  reg ion .  
The s p u t t e r i n g  system i s  shown i n  an o v e r a l l  view i n  
Fig. 31; a  close-up of t h e  target-substrate-anode reg ion  
i n  Fig. 32;and a  schematic o u t l i n e  of t h e  u n i t  i s  given 
i n  F ig .  33. The incandescent f i lament  a c t s  a s  t h e  e l ec -  
t r o n  source .  Argon, admitted through a  needle  va lve  t o  
main ta in  a  p a r t i a l  p ressure  of 4 microns,  is  ionized  
and t h e  r e s u l t i n g  plasma sus t a ined  between t h e  anode 
and t h e  f i lament  (cathode) .  The magnetic f i e l d  of about 
40 oe r s t ed  c o n s t r i c t s  t he  plasma i n  t h e  t a r g e t - s u b s t r a t e  
reg ion  and enhances the  i o n i z a t i o n  p r o b a b i l i t y  of t h e  
argon atoms. The t a r g e t ,  which i s  nega t ive ly  b iased  
a t  1500 v o l t ,  i s  immersed i n t o  t h e  plasma. Species  of 
t h e  tantalum t a r g e t  a r e  spu t t e r ed  a s  a r e s u l t  of s u r f a c e  
c o l l i s i o n s  between impinging ions  and t h e  t a r g e t  atoms. 
Sput te red  i n  argon,  tantalum f i lms  have a  cubic  bcc s t r u c -  
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t u r e  l i k e  t h e  bulk  m a t e r i a l  o r  a  t e t r a g o n a l  s t r u c t u r e  - 
s o  c a l l e d  8-tantalum no t  found i n  t h e  bulk.  De l ibe ra t e  
a d d i t i o n  of a  r e a c t i v e  gas ,  i n  our  ca se  n i t r o g e n ,  pro- 
duces m e t a l l i c  compounds wi th  h ighe r  r e s i s t i v i t i e s  than  
2  
tantalum. We found t h a t  an a d d i t i o n  of n i t rogen  a t  a  
p a r t i a l  p re s su re  of . 4  microns r e s u l t s i n  f i lms  wi th  a 
s p e c i f i c  r e s i s t i v i t y  of 250 ~Rcm, 
Anodization 
Oxidat ion of t he  tantalum n i t r i d e  f i lms  i s  performed i n  
an aqueous e l e c t r o l y t e  through anodiza t ion .  The oxide 
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grown i n  t h i s  manner forms t h e  p a s s i v a t i o n  l a y e r  on the 
r e s i s t o r s .  Af t e r  t he  c i r c u i t s  a r e  assembled i n  t he  pack- 
age,  a  second anodiza t ion  t o  t r i m  t h e  p r e c i s i o n  r e s i s -  
t o r s ,  i s  performed. Figure 34 i s  a  schematic o u t l i n e  of 
t h e  anodiza t ion  f a c i l i t y .  The anodiza t ion  i s  c a r r i e d  out 
i n  two consecut ive s t a g e s :  
- anodiza t ion  wi th  a cons tan t  c u r r e n t  u n t i l  t h e  vo l t age  
ac ros s  t h e  e l e c t r o l y t i c  c e l l  reaches a  predetermined 
va lue .  
- t h i s  vo l t age  i s  then he ld  cons tan t  during t h e  second 
mode and t h e  cu r r en t  even tua l ly  decays. 
The e l e c t r o l y t e  u t i l i z e d  is  a .02 percent  aqueous solu-  
t i o n  of c i t r i c  a c i d .  The cu r ren t  dens i ty  dur ing  the  con- 
s t a n t  c u r r e n t  anodiza t ion  mode i s  f i x e d  t o  1 rnA. To form 
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an  oxide  l a y e r  of 1000 A t h i ckness ,  a  vo l t age  of 60 v o l t  
i s  r equ i r ed  ac ros s  t he  e l e c t r o l y t i c  c e l l .  The f i n a l  
trimming of t h e  p r e c i s i o n  r e s i s t o r s  i s  performed through 
microanodizat ion.  The method of drop anodiza t ion  was 
6 p rev ious ly  descr ibed  by Maissel  e t  a l .  and is  schemat- 
i c a l l y  depic ted  i n  Fig. 35. This  anodiza t ion  narrows 
t h e  c ros s  s e c t i o n  of t h e  r e s i s t o r  on which i t  i s  per- 
formed and consequently enhances t h e  r e s i s t o r  va lue .  
3.2 In t eg ra t ed  System Design 
-
An i n i t i a l  des ign  s tudy ,  emphasizing power d i s s i p a t i o n  and 
s t a b i l i t y ,  divided the  system between s i x  s e p a r a t e  s i l i c o n  c h i p s ,  
By excluding the  load r e s i s t o r s  from t h e  f i n a l  ou tput  s t a g e ,  
i t  was p o s s i b l e  t o  reduce t h e  t o t a l  power d i s s i p a t i o n  i n  t he  
system from 2200 m i l l i w a t t s  t o  880 m i l l i w a t t s  and this allowed 
t h e  designs t o  be  consol ida ted  i n t o  four  s e p a r a t e  ch ips .  These 
a re :  t h e  r e f e rence  supply,  d i f f e r e n t i a l  a m p l i f i e r ,  t r i a n g l e  
genera tor  w i th  d i s c r e t e  c a p a c i t o r  and output  c i r c u i t .  Further-  
more, t h e  layout  of t h e  f o u r  ch ips  was organized such t h a t  a  
s i n g l e  chip u n i t  can be made using a  simple in t e rconnec t ion  over- 
l a y  mask i n  t he  event  t h a t  four  ad jacent  ch ips  on t h e  same s l i c e  
a r e  a l l  func t ioning  c o r r e c t l y .  
A des ign  layout  f o r  t h e  complete AVDC system was made g iv ing  
the  r e l a t i v e  p o s i t i o n  of each chip and f i x i n g  t h e  pa ths  of 
l eads  t h a t  must be  made f o r  in te rconnect ion .  The o v e r a l l  l ay-  
out of t h e  system i s  shown i n  Figure 36. The des ign  i s  somewhat 
conserva t ive  i n  al lowing 50 m i l s  d i s t ance  between c i r c u i t s .  
This can be  reduced t o  approximately 5 mi ls  i n  t h e  one ch ip  
design.  A s  shown, t h e  f i n a l  encapsula t ion  must c o n s i s t  of a  
s i x  t e rmina l ,  package capable of d i s s i p a t i n g  t h e  900 mw pro- 
duced i n  t he  o v e r a l l  c i r c u i t .  The layout  has been made such 
t h a t  a  complete one-chip mask can be produced once t h e  ind iv id-  
u a l  d e s i r e d  c h a r a c t e r i s t i c s  of each c i r c u i t  have been obta ined .  
A f i n a l  trimming ope ra t ion  on t h e  o v e r a l l  system was s e t  up 
i n  two s t e p s  t o  achieve t h e  f i n a l  output  c h a r a c t e r i s t i c s .  
F i r s t ,  t he  tantalum r e s i s t o r  a s soc i a t ed  wi th  t h e  t r i a n g l e  gen- 
e r a t o r  was t o  be trimmed by e t ch ing  t h e  r e s i s t o r ,  wh i l e  moni- 
t o r i n g  the  genera tor  frequency and obta in ing  2 .5  kc.  The 
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t r i a n g l e  gene ra to r ,  d i f f e r e n t i a l  a m p l i f i e r  and output  c i r c u i t  
could then  be mounted on t h e  ceramic s u b s t r a t e ,  l eav ing  t h e  
r e f e rence  supply unmounted. Af t e r  i t  was determined what v o l t -  
age was requi red  t o  g ive  t h e  c o r r e c t  symmetry of i n p u t s  a t  t h e  
comparator a m p l i f i e r ,  t h e  r e f e rence  supply could be  trimmed t o  
t h i s  vo l t age ,  then  mounted i n  p l ace  i n  t he  AVDC system. When 
t h e  s i n g l e  chip AVDC system is  made, t h i s  ope ra t ion  can be  made 
a f t e r  t h e  chip i s  mounted. 
Reference Supply 
The phys i ca l  l ayou t  f o r  t h e  r e f e rence  supply i s  shown i n  Fig.  
37. 
The s u b s t r a t e  m a t e r i a l  was chosen t o  be lQ cm n-type e p i t a x i a l  
s i l i c o n  approximately 25 microns t h i c k .  This m a t e r i a l  w i l l  
y i e l d  t r a n s i s t o r s  wi th  a V of 25V, b e t a s  g r e a t e r  than 50 CEO 
and s a t u r a t i o n  r e s i s t a n c e  l e s s  than 300Q. Space f o r  a  tan ta lum 
r e s i s t o r  has been allowed on t h i s  ch ip  which was depos i ted  a f t e r  
t he  c i r c u i t  had been checked f o r  opera t ion .  
Since t h e  Zener diodes s h o u l d h a v e a s  near  a  zero temperature 
c o e f f i c i e n t  a s  p o s s i b l e ,  t h e  diodes and t r a n s i s t o r  base reg ions  
were d i f fused  wi th  200 Q/CI shee t  r e s i s t a n c e  t o  g ive  5.8V r e f e r -  
ence diodes.  
Eight  l o t s  of fou r  s l i c e s  were processed f o r  r e f e rence  genera- 
t o r s .  The f i r s t  s i x  of t hese  l o t s  contained r e fe rence  ampli- 
f i e r s  which were f a b r i c a t e d  wi th  a  d i f fused  zene r - l i nea r i t y  
r e s i s t o r .  Two l o t s  of t hese  s i x  produced u n i t s  which func t ioned  
i n  t h e  o v e r a l l  system bu t  did n o t  meet t h e  r egu la t ion  s p e c i f i c a -  
t i o n  f o r  t h i s  p a r t  of the  system. I n  a d d i t i o n ,  t hese  r e g u l a t o r s  
could n o t  be  ad jus t ed  wi th  e x t e r n a l  r e s i s t o r s  t o  t he  d e s i r e d  1 0 ~  
nominal vo l t age  l e v e l  requi red  f o r  t h e  r e f e rence  b i a s .  These 
u n i t s  opera ted  a t  approximately 1 1 V  due t o  a  7V r e f e rence  zener 
diode which should ope ra t e  a t  5 . 8 V .  
To a l l e v i a t e  t h e  l a t t e r  problem a  seventh l o t  was d i f f u s e d  wi th  
a  2 . 4 ~  base  depth r a t h e r  than t h e  2 . 7 ~ 1  depth previous ly  used,  
which brought t he  zener vo l t age  down t o  t h e  s p e c i f i e d  l e v e l .  
An e i g h t h  l o t  is  now being run us ing  an a l t e r n a t e  mask which 
w i l l  a l low a  tantalum r e s i s t o r  t o  be  f a b r i c a t e d  i n  p l ace  of 
t h e  d i f f u s e d  one. This a l lows  some adjustment i n  t he  zener  
c u r r e n t  and should a l s o  improve r e g u l a t i o n  because of t he  
improved thermal c o e f f i c i e n t .  A photograph of a  completed 
u n i t  w i t h  untrimmed r e s i s t o r s  i s  shown i n  Figure 38. 
3 . 4  Difference  Amplifier 
-
The l ayou t  f o r  t h i s  c i r c u i t  is  shown i n  Figure 39. This  ampli- 
f i e r  is  f a b r i c a t e d  on the  same s u b s t r a t e  m a t e r i a l s  a s  used f o r  
t h e  r e f e rence  supply .  I n  a d d i t i o n ,  f l o a t i n g  c o l l e c t o r  reg ions  
a r e  r equ i r ed  because of t he  two zener  vo l t age  s p e c i f i c a t i o n s  
The c i r c u i t  of the  d i f f e r e n c e  a m p l i f i e r  c o n s i s t s  of two d i f f e r -  
e n t i a l  s t a g e s  i n  s e r i e s .  The most d i f f i c u l t  components t o  
f a b r i c a t e  a r e :  
a) A Zener diode of %8V,  which i s  requi red  f o r  a  
vo l t age  l e v e l  s h i f t  between the  two s t a g e s .  
b) Three capacitors of the ac-compensation network 
which have to withstand a peak voltage of 1QV. 
Since the Zener voltage has to be smaller than the breakdown 
voltage of the capacitors, it is impossible to use one kind of 
junction for both. 
The initial concept used reversed biased base-emitter junctions 
which give a high capacitancelunit area for the capacitors, 
with a breakdown voltage of 14 volt. The level-shifting Zener 
diode was made from a small emitter junction with the desired 
breakdown voltage. The first fabrication run revealed that 
it is difficult to control two junctions with different break- 
down voltage simultaneously and at the same time to get the 
desired gain for the transistors. For this reason, several 
test runs were carried out first with the objectfve of achieving 
separately the desired small Zener diodes and the required base- 
emitter breakdown voltages. After these evaluations, the 
results were compiled and used in the procedure for subsequent 
circuit fabrication. A picture of the integrated circuit chip 
is shown in Fig. 40. Parallel to this eff~rt~alterna- 
tive solutions have been persued to circumvent the problem of 
controlling two junctions simultaneously. By changing from 
emitter-base junction capacitors to p wall diffusion-emitter 
capacitors,one has only to insure the breakdown voltage exceeds 
a specific value. This could also be achieved by the replace- 
ment of the junction capacitors by thin film capacitors, 
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Both a l t e r n a t i v e s  need only one s p e c i f i c  breakdown vo l t age ;  
t he  f i r s t  has  t h e  a d d i t i o n a l  f e a t u r e  of be ing  e a s i e r  t o  fab- 
r i c a t e .  
A f i n a l  e i g h t  wafers  were run with t h e  new masks which incorpor-  
a t e s  S i02  c a p a c i t o r s  i n  p l ace  of t h e  p w a l l  d i f fused  type.  This  
r equ i r ed  some enlargement of t h e  o r i g i n a l  a r e a s  b u t  re laxed  t h e  
s p e c i f i c a t i o n  r e q u i r i n g  two c r i t i c a l  breakdown vo l t ages .  The 
f i n a l  mask change a l s o  incorpora ted  an adjustment  i n  t h e  feed- 
back network r e s i s t o r s  t o  i nc rease  the  o v e r a l l  ampl i f i e r  ga in ,  
s i n c e  t h i s  had been low i n  some of t h e  e a r l i e r  runs.  Test  
r e s u l t s  on t h e s e  f i n a l  wafers  i n d i c a t e  r a t h e r  low y i e l d s  b u t  
h igh  enough t o  supply t h e  u n i t s  f o r  t h e  f i n a l  systems. 
3.5 Tr i ang le  Generator 
-
The l ayou t  f o r  t h i s  chip is  shown i n  F igure  41. This i n t e g r a t e d  
c i r c u i t  con ta ins  t h e  .002 uf tantalum c a p a c i t o r  and 25K r e s i s t o r  
which account f o r  roughly 75% of t h e  a r e a  of t h e  chip.  The tri- 
angle  gene ra to r  i s  f a b r i c a t e d  on t h e  same m a t e r i a l  a s  t he  o t h e r  
devices ,  b u t  w i l l  no t  r equ i r e  a  f l o a t i n g  c o l l e c t o r  region under 
t h e  e p i t a x i a l  l a y e r .  The c i r c u i t  con ta ins  a  14V reference  diode 
r equ i r ing  t h a t  t h e  base  of t h e  t r a n s i s t o r s  b e  f a b r i c a t e d  w i t h  
250R/b shee t  r e s i s t a n c e  a t  a  depth of 4 microns. 
Four l o t s  have been run f o r  t h e  t r i a n g l e  genera tor  c i r c u i t  
wi th  t h e s e  s l i c e s  a l l  being r e j e c t e d  f o r  l ow- t r ans i s to r  b e t a  
and, i n  some cases ,  low zener vol tage .  A f i f t h  l o t  was pro- 
cessed f o r  a lminum in te rconnects  which con ta in  t r a n s i s t o r s  
with  b e t a s  of 25-30. Although these  b e t a s  were s t i l l  q u i t e  low, 
they were probed using an e x t e r n a l  r e s i s t o r  and capac i to r  i n  
p l ace  of t h e  tantalum components and t e s t e d  f o r  opera t ion .  A 
chip t h a t  does n o t  a s  y e t  con ta in  t h e  tantalum components is  
shown i n  Figure 4 2 .  
Twelve wafers  w i t h  b e t a s  of 50 o r  g r e a t e r  were processed f o r  
t h i s  p a r t i c u l a r  c i r c u i t ,  f ou r  of t h e s e  s l i c e s  being processed 
wi th  tantalum r e s i s t o r  and c a p a c i t o r .  However, due t o  pin- 
ho l ing  i n  t h e  tantalum oxide d i e l e c t r i c ,  t h e  capac i to r  showed 
s h o r t s  between t h e  aluminum upper e l e c t r o d e  and lower tantalum 
n i t r i d e .  It was found t h a t  t h i s  condi t ion  was p r imar i ly  due 
t o  t he  imperfec t  s u r f a c e  of t h e  i n t e g r a t e d  c i r c u i t ,  s i n c e  
capac i to r s  of h igh  y i e l d  could be  made on f l a t  s i l i c o n  with 
f r e s h l y  grown oxide. 
Due t o  t h i s  occurrence of capac i to r  s h o r t s ,  i t  was decided t o  
process  t h e  o t h e r  e i g h t  wafers  f o r  tantalum n i t r i d e  r e s i s t o r s  
on ly ,  then  f a b r i c a t e  t h e  capac i to r  on a  s e p a r a t e  p i ece  of 
s i l i c o n .  The y i e l d  of t hese  c i r c u i t s  tu rned  out  t o  be approxi- 
mately 5% be fo re  mounting i n  f l a t  packages. 
3.6 Output C i r c u i t  
The l ayou t  f o r  t h i s  c i r c u i t  i s  shown i n  Figure 4 3 .  Four s l i c e s  
which contained t r a n s i s t o r s  wi th  b e t a s  i n  t h e  25-30 range were 
probed b e f o r e  mounting and found t o  con ta in  working u n i t s ;  
however, t h e  b i s t a b l e  m u l t i v i b r a t o r  could not  be t r i gge red  w i t h  
t h e  c a p a c i t o r  f a b r i c a t e d  wi th  t h e  chip.  An invest igat- ion was 
made of t he  capac i to r  which ind ica t ed  t h a t  t he  capaci tance was 
t he  c o r r e c t  va lue ,  bu t  t h e  s e r i e s  r e s i s t a n c e  a s s o c i a t e d  wi th  
the  c a p a c i t o r  was abnormally high.  A curve of capac i tance  wi th  
r e spec t  t o  vo l t age  i s  shown i n  Figure 44.  
It w a s  f e l t  t h a t  t h i s  r e s i s t a n c e ,  a l though g e n e r a l l y  high f o r  
t h i s  type of capac i to r ,  would not  be  adequate  f o r  t h i s  appl ica-  
t i o n .  Previous s l i c e  runs  of t h i s  c i r c u i t  had r e s u l t e d  i n  low 
y i e l d  f o r  p r imar i ly  two reasons.  F i r s t ,  t h e r e  w a s  a  capac i to r  
j unc t ion  breakdown problem i n  t h e  m u l t i v i b r a t o r  s e c t i o n  of t he  
c i r c u i t  which was remedied by d i f f u s i n g  t h e  lower p l a t e  of t he  
capac i to r  during t h e  boron i s o l a t i o n  d i f f u s i o n .  The junc t ion  
is  r equ i r ed  t o  support  a t  l e a s t  15  v o l t s  be fo re  breakdown which 
is a t  l e a s t  5 v o l t s  above the  r egu la t ing  supply of t h e  mul t iv i -  
b r a t o r  c i r c u i t .  P rev ious ly ,  t h e s e  vo l t ages  were very  c l o s e  t o  
each o the r  lead ing  t o  margina l  ope ra t ion  of t h e  c i r c u i t .  The 
upper p l a t e  of t h e  c a p a c i t o r  and the  e m i t t e r  of t he  zener diode 
a r e  normally d i f f u s e d  a t  t h e  same time. 
Another s t e p  taken t o  i n c r e a s e  the  number of good c i r c u i t s  w a s  
t o  simply i n c r e a s e  t h e  number of a v a i l a b l e  c i r c u i t s  on a  s l i c e  
by r e s t epp ing  t h e  masks a t  smal le r  s t e p  and r epea t  d i s t a n c e s .  
This can now be  done because t h e  chips a r e  bonded i n t o  i n d i v i d u a l  
packages thus  conserving s i l i c o n  a rea  previous ly  requi red  between 
c i r c u i t s .  The number of a v a i l a b l e  c i r c u i t s  on a s l i c e  has  now 
been increased  by about 10% over t h e  o l d e r  design.  
A complete set of chrome masks were a l s o  made when t h e  new masks 
were re-stepped which lowered t h e  p inhole  dens i ty  and increased  
edge a c u i t y .  
Three o p e r a b l e  l o g i c  c i r c u i t s  have been o b t a i n e d  from t h e  f i r s t  
low of f o u r  w a f e r s .  S i x t e e n  o t h e r  w a f e r s  were p r o c e s s e d  y i e l d i n g  
enough c i r c u i t s  w i t h i n  s p e c i f i c a t i o n  f o r  t h e  r e q u i r e d  sys tems .  
A p i c t u r e  of t h e  f i n a l  i n t e g r a t e d  c i r c u i t  c h i p  i s  shown i n  
F i g .  45. 
E n c a p s u l a t i o n  
3 . 7 . 1  I n t e r c o n n e c t i o n  Design 
The u t i l i z a t i o n  of t h e  same c i r c u i t  c o n f i g u r a t i o n s  f o r  
t h e  f o u r  c h i p  l a y o u t  a s  f o r  a m o n o l i t h i c  d e s i g n  g r e a t l y  
s i m p l i f i e s  t h e  l e a d  p a t t e r n s  r e q u i r e d  i n  t h e  ceramic  
s u b s t r a t e  of t h e  package f o r  t h e  f l i p - c h i p  assembly.  
A l l  t h e  l e a d  t e r m i n a t i o n s  have a s i m p l e  one t o  one cor-  
respondence w i t h  t h e  r e l a t e d  t e r m i n a t i o n  on t h e  a d j a c e n t  
c h i p  s o  t h a t  t h e  i n t r a c o n n e c t i o n  l e a d  l e n g t h s  a r e  min- 
imized and n o  c ross -overs  are r e q u i r e d  on t h e  package,  
as i s  shown i n  t h e  l a y o u t  diagram of F i g u r e  36. 
3 .7 .2  Thermal D i s s i p a t i o n  
The major  d e s i g n  problem which arises w i t h  t h e  use  o f  a 
f l i p  c h i p  assembly t echn ique  i s  t h e  the rmal  d i s s i p a t i o n ,  
which is  l i m i t e d  i n  each c h i p ,  by t h e  h e a t  which can b e  
removed v i a  t h e  i n t e r c o n n e c t i o n  pads .  S i n c e  t h e  t o t a l  
a r e a  o f  t h e s e  pads is  much less t h a n  t h e  t o t a l  c h i p  a r e a ,  
t h e  the rmal  r e s i s t a n c e  f o r  t h e  f l i p - c h i p  c o n f i g u r a t i o n  
i s  h i g h e r  t h a n  f o r  a c o n v e n t i o n a l  back mounted c h i p .  
A comparat ive  example f o r  t h e  d i f f e r e n t i a l  a m p l i f i e r  
c h i p ,  which h a s  t h e  h i g h e s t  power d i s s i p a t i o n  (300 mw) 
on t h e  smallest a r e a  (80 m i l  x 75 m i l )  i s  g i v e n  below. 
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Assuming t h e  p o s s i b i l i t y  of spac ing  5 x 5 m i l  pads a t  
10 m i l  i n t e r v a l s  f o r  t h e  f l i p -ch ip  assembly, t h e  maxi- 
mum number of pads round t h e  per iphery  is  s i x t e e n  and 
t h e  t o t a l  pad a r e a  is  400 m i l s 2  compared wi th  6000 m i l s  2 
f o r  t h e  t o t a l  ch ip  a r e a .  This  reduct ion  i n  e f f e c t i v e  
h e a t  conductive pa th  toge the r  wi th  t h e  a d d i t i o n a l  f a c t o r  
of t h e  t ransmiss ion  of t h e  h e a t  t o  t h e  pad w i t h i n  t h e  
ch ip  i t s e l f  l eads  t o  a  working junc t ion  temperature of 
131.5"C f o r  an 85°C ambient i n  a  worst case  a n a l y s i s  
f o r  t h e  f l i p -ch ip  s t r u c t u r e  compared wi th  a  j unc t ion  
temperature of 101.3"C f o r  an 85°C ambient i f  t h e  ch ip  
i s  t o t a l l y  contacted.  Thus, t h e  improvement i n  r e l i -  
a b i l i t y  gained by avoiding t h e  use of bonded wi re s  i n  
t h e  f l i p -ch ip  s t r u c t u r e  may b e  somewhat d e t e r i o r a t e d  by 
t h e  h igher  j unc t ion  temperature which may have t o  b e  
t o l e r a t e d .  
I n i t i a l  encapsula t ion  of t h e  system i s  t h e r e f o r e  be ing  
c a r r i e d  ou t  i n  s e p a r a t e  f l a t  packages f o r  each ch ip  i n  
l i e u  of a  s i n g l e  f l a t  package using bonded l eads .  
4.  CONCLUSIONS 
- 
This  p r o j e c t  f o r  t h e  f a b r i c a t i o n  of an  Analog Vol tage t o  Duty 
Cycle Genera to r  i n  m o n o l i t h i c  form h a s  reached  t h e  p o i n t  a t  which t h e  
f i n a l  d e s i g n  h a s  been  made i n t o  i n t e g r a t e d  c i r c u i t  form. Although t h e  
format  f o r  t h e  l a y o u t  of t h e  sys tem was des igned  s o  t h a t  a s i n g l e  mono- 
l i t h i c  c h i p  cou ld  b e  o b t a i n e d ,  i t  appears  from c o n s i d e r a t i o n s  of power 
d i s s i p a t i o n ,  o p e r a t i n g  t empera tu re  and y i e l d  t h a t  t h e  b e s t  a l t e r n a t i v e  
f o r  good r e l i a b i l i t y  i s  f o u r  c h i p s  and a  d i s c r e t e  t h i n  f i l m  c a p a c i t o r  
mounted i n t o  s i n g l e  f l a t  packages .  
The i n c o r p o r a t i o n  of t a n t a l u m  o x i d e  c a p a c i t o r s  and t an ta lum 
n i t r i d e  r e s i s t o r s  i n t o  t h e s e  c i r c u i t s  h a s  a l lowed more s t r i n g e n t  r e q u i r e -  
ments t o  b e  p l a c e d  on t h e s e  component v a l u e s  t h a n  i s  normal ly  found i n  
i n t e g r a t e d  c i r c u i t s .  It is  a p p a r e n t  t h a t  t h e  use  o f  such i n t e g r a t e d  
t h i n  f i l m  components i n  l i n e a r  i n t e g r a t e d  c i r c u i t s  w i l l  a l l o w  g r e a t e r  
freedom of  d e s i g n  and improved performance.  
Although good t a n t a l u m  ox ide  c a p a c i t o r s  were  made on i n t e g r a t e d  
t r i a n g l e  g e n e r a t o r s  and l i k e w i s e  good t r i a n g l e  g e n e r a t o r s  were a l s o  made, 
t h e  y i e l d  was such  t h a t  an  o p e r a b l e  t r i a n g l e  g e n e r a t o r  w i t h  ,: %rod  capa- 
c i t o r  c o u l d  n o t  b e  f a b r i c a t e d .  Th is  made i t  n e c e s s a r y  t o  f a b r i c a t e  a  
d i s c r e t e  t a n t a l u m  t h i n  f i l m  c a p a c i t o r  w i t h  a  good t r i a n g l e  g e n e r a t o r  
c o n t a i n i n g  a  t a n t a l u m  n i t r i d e  r e s i s t o r  t o  g e t  working sys tems .  
T e s t s  a t  -10°C and 75°C on t h e  f i v e  AVDC sys tems i n d i c a t e  t h a t  
one sys tem meets  a l l  s p e c i f i c a t i o n s  o t h e r  t h a n  f o r  t h e  i n p u t  s i g n a l  
c e n t e r  va lue  and symmetry s p e c i f i c a t i o n ,  The oeher  systems do not  meet 
s p e c i f i c a t i o n s  f o r  va r ious  o the r  reasons ,  The f a i l u r e  of the  #1 system 
t o  meet a l l  s p e c i f i c a t i o n s  is  due t o  a  zener diode i n  t he  r e f e rence  supply 
having a  zener vo l t age  approximately 0 .5  v o l t  above t h e  des i r ed  va lue .  The 
i n t e g r a t e d  c i r c u i t  was o r i g i n a l l y  designed s o  t h a t  t h i s  vo l tage  could be  
ad jus t ed  t o  t h e  proper  va lue  by trimming t h e  tantalum r e s i s t o r  d i v i d e r  
network. However, t h e s e  r e s i s t o r s  can only be changed by about 3% w i t h  
t h i s  technique making i t  impossible  t o  a d j u s t  t h e  inpu t  s i g n a l  c e n t e r  
vo l t age  t h e  requi red  0.5 v o l t .  This was t h e  case  f o r  t he  r e f e rence  sup- 
p l i e s  f o r  a l l  f i v e  systems. 
A p i c t u r e  of t h e  t e s t  f i x t u r e  is  shown i n  F ig .  46, t h e  t e s t  
procedures a r e  included i n  Appendix I11 and t h e  r e s u l t s  of t h e  t e s t s  on 
a l l  f i v e  systems a r e  shown i n  Table V I I I ,  Also, a  complete flow diagram 
of t h e  f i n e  packaged c i r c u i t s  i s  shown i n  Figure 47 showing p in  p o s i t i o n s ,  
b i a s e s ,  and ope ra t ing  s i g n a l s .  
A P P E N D I X  I 
FREQUENCY STUDY O F  THE REFERENCE S U P P L Y  
When integration of the lovolt reference supply was considered, 
it was felt that by reducing the value of the shunting capacitor, the 
chip size could be reduced thereby increasing the yield. 
An investigation of the effect of this shunting capacitor was 
therefore necessary. This investigation consisted of a loop gain anal- 
ysis of the circuit. Assuming that the transit times of the transistors 
are negligible and neglecting the transistor input and output capacitance, 
the transfer function of the circuit can be given as 
where 
i 

The Bode p l o t  of t h i s  func t ion  is  shown by t h e  curves i n  Fig. EA 
f o r  two d i f f e r e n t  va lues  of shunt ing  capac i tance ,  From t h e  p l o t  it i s  
seen  t h a t  with C = 0 ,  we have s t rong  peaking i n  t h e  200 MC reg ion ,  which 
i s  an  i n d i c a t i o n  of p o s s i b l e  i n s t a b i l i t y ,  l ead ing  t o  improper opera t ion  
of t h e  c i r c u i t .  With a  shunt ing  capac i tance  va lue  of 30 pf o r  l a r g e r ,  
a lower break p o i n t  i s  e s t a b l i s h e d ,  e l imina t ing  t h e  peaking e f f e c t  a s  
shown by t h e  upper curve of F igure  1A. A sma l l e r  va lue  of C would y i e l d  
a  h ighe r  breakpoin t  which would n o t  be a s  e f f e c t i v e  a s  t h e  p re sen t  one. 
Thus, t h e  i n t e g r a t e d  c i r c u i t  model was designed using t h e  30 pf va lue .  
C
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Thin Film C h s a c t e r i s t i c s  and Fabr ica t ion 'I"echniques 
f o r  TanLaPm Films i n  InLegrated C i r c u i t s  
I. Purpose of Report 
The purpose of t h i s  r epor t  is  four-fold:  ( 1 )  t o  present  information 
co l l ec ted  from cur ren t  l i t e r a t u r e ,  ( 2 )  t o  state t h e  du t i es  completed, 
( 3 )  t o  present  and discuss  data  obtained from experiments conducted, and 
(4 )  t o  make suggestions. The top ics  a r e  discussed, i n  t h e  body of t h e  
report ,  as they a r e  l i s t e d  above. Information here represents  the  t o t a l  
amount obtained f o r  t h e  month beginning F e b m r y  6 t h  and ending March 3rd. 
11. Film Fabr ica t ion 
TanLalum films are t o  be used i n  forming t h e  passive components 
of an in tegra ted  c i r c u i t  cu r ren t ly  being developed. Success i n  t h i s  
endeavor w i l l  r equ i re  t h a t  con t ro l  be es tab l i shed  over t h e  deposit ion of 
t h e  tantalum f i lms  as wel l  as subsequent processing steps.  Sections t h a t  
follow discuss  interdependent f i lm c h a r a c t e r i s t i c s  and t h e  r e s u l t i n g  con t ro l  
required i n  each s t e p  of t h e  f i lm fabr ica t ion.  The l i t e r a t u r e  ind ica tes  
t h a t  much work has been done wi th  tantalum t h i n  films and it has been found 
t h a t  spu t t e r ing  condit ions vary due t o  d i f fe rences  i n  pumping r a t e s  and 
geometries i n  each system. Because of t h i s ,  even though much f i l m  
information is  presented here, a p rec i se  s e t  of ins t ruc t ions  cannot be 
wr i t t en  f o r  t h e  f a b r i c a t i o n  of a s p e c i f i c  f i lm component. 
A,  The ?put ter ing Process 
The spu t t e r ing  of a t h i n  f i b  occws i n  t h e  following manner, (10) 
A vacuum i n  the  range of loe3 o r  los2 t o r r  i s  induced i n  t h e  chamber. !A 
vo1;a:c nf a few KV, depending on the  d is tance  between the  elec:,rodes, 
Is a p ~ j l i e d  t o  '~hc  e lec t rodes ,  t h e  tantalum being made the cathode and 
the worli t ab le  c a ~ r y i n g  the  s u b s t r a t e  the  anode. This r e s u l t s  in  the 
ioniza t ion of the  argon, forming a glow discharge. The a=con ions a re  
accelera ted  t o  the  tantalum cathode and s t r i k e  it with s u f f i c i e n t  
energy t o  remove tantalum atoms from t h e  surface.  These tantalum atoms 
then d i f f u s e  across t o  the  s u b s t r a t e  on the  anode and  for^ a s t rongly  
adhering f i l m .  Table 1 on page 57 i s  a char t  of the  various d a t a  f o r  
each of t h e  s p u t t e r s  mentioned by the references.  
It is of i n t e r e s t  t o  note a t  t h i s  point  t h a t  spu t t e r ing  from 
a 13 inch diameter cathode gives a thickness uniformity of about + 25 
- 
over a c e n t r a l  6 inch diameter area.  (13 ) Others r epor t  t h a t  v a r i a t i o n s  
of only a few percent  i n  r e s i s t i v i t y  over an area  comparable t o  the  
cathode have been obtained. 
1. Pure Tantalum Films 
Films have been prepared with sheet  r e s i s t i v i t i e s  of more than 
700 Q/D and a temperature coef f i c ien t  l e s s  than 100 p p m / O ~ .  However, 
t h e  more usual  values found i n  p rac t i ce  t o  give good s t a b i l i t y  are about 
100-200 S2/m and 100-200 p p m / O ~  respect ively .  The thickness of such 
f i l m s  is about 100 a. The s t a b i l i t y  of such f i l ~ s  when heated i n  a i r  is  
not very good, owing t o  progressive oxidation,  and attempts have been made 
Table I 
S P U T T E R  DATA 
Reference No. I 1 I 1 I 1 1 I I 
Type of 
Tantalum Deposit Ta Ta and TaN Ta Ta Ta TaN Ta Ta N Ta2:5 
Initial Evacuation 
Pressure Chamber 5 x torr 2 x torr torr I 1 x torr I [ 5 I 
Chamber Flush Mixture 50% Ar I I I I 
t o  improve t h i s  by incorporating gold doping and by ni t r iding during 
deposition. Nitriding of the tantalum films w i l l  be discussed l a t e r .  
Other methods of controlling growth processes are  a l so  important. 
Deposition of tantalum films a t  re la t ive ly  low voltage but high argon 
pressure, i.e., 1-3 KV and 20-120 mi l l i tor r ,  resu l t s  in  films of 2000 Mcm, 
i.e., 1000 R/ n fo r  a 200 2 film, and essent ia l ly  zero temperature 
coefficient.  These films consist primarily of tantalum with exceptionally 
s m a l l  c r y s t a l l i t e  size, possessing therefore a very small mean f r e e  path 
and a temperature coefficient re la t ive ly  independent of the thermal l a t t i c e  
vibrations but constricted by grain boundaries. Attention t o  such important 
parameters a s  composition, structure, and deposition conditions of background 
pressure, electrode configuration, and materials of construction cannot be 
overemphasized i n  attempting t o  deposit films reproducibly fo r  electronics 
applications. (13) 
Gerstenberg and Mayer(6) give some interest ing information, 
on tantalum th in  films, i n  the form of a graph a s  seen i n  Fig. 1. 
Figure 1 i l l u s t r a t e s  the dependence of r e s i s to r  s t a b i l i t y  on temperature 
coeff ic ient  and film thickness. These films were prepared under presumably 
ident ical  conditions i n  the same vacuum system. However, a t  each fi lm 
thickness a wide range of temperature coefficients with a dependent r e s i s t o r  
s t a b i l i t y  can be observed. Wnerally, however, the s b b f l i t y  increases 
with decreasing temperature coefficient and it may be concluded tha t  there 
a re  par t icular  vaclaum coraditions which produce films of exceptional 
s t ab i l i t y .  ( 6 )  
100 hrs 
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Fig. 1 The dependence of r e s i s to r  s h b i l i t y  on 
temperature coefficient and film thickness 
2,  Gold Doping of %antalum F m s  
Stabilization of tantalum films can be obtained by the diffusion 
of gold in to  the t a n l a l m  film. One method of diffusion i s  t o  deposit a 
layer  of gold over a LanWum layer  and heat the f i h s  t o  3m°C i n  a 
vacuum. Schaible and Maissel (17919) discuss the subject in  more depth, 
but, f o r  the purposes here, the coment by D,E,B. Jones (11) w f l l  suffice: 
'@It has been proposed tbt the large increase fn resistance of -t;an-talm 
films, when heated in a i r ,  i s  due Lo the progressive oxidation d o n g  grain 
b ~ m d a r i e s  tko~agh  the thickness of the film, mSs can proceed u n t i l  oxide 
Pminae penetrate ri&t tPllPsUgkb t o  t he  s~br;"ca*~ and %he fikn resistance 
increases by several orders when t h i s  condition a r i se s ,  It has f w t h e r  
been proposed tha t  t h i s  oxidation process a t  the grain boundaries can be 
gxeatly reduced by the diffusion of gold along the boundaries. This i s  
achieved by sputtering f i r s t l y  a th in  layer  of tanlalum, then a th in  layer  
of gold and f ina l ly  a thick layer  of tantalum comprising the main par t  of 
the film. The gold i s  then diffused into the film by heating i n  vacuum t o  
350'~ u n t i l  diffusion i s  complete. The quantity of gold is  c r i t i ca l ,  i f  
too small the grain boundaries are  only pa r t i a l ly  f i l l e d ,  resul t ing i n  
unstable films, while i f  too  much gold i s  present the film resistance i s  
lowered by the undiffused gold. 'The optimum amount of gold i s  7 percent 
by thickness. The films are  then s tabi l ized by heat treatment i n  a i r  a t  
250'~ t o  establ ish an oxide coating on the surface t o  protect it during 
i t s  subsequent l i f e .  
Long-term s t a b i l i t y  t e s t s  on res i s tors  which have been s tabi l ized 
f o r  24 hours show a change of 0.s a f t e r  400 hours a t  l w 0 ~  and the same 
change a f t e r  600 hours a t  80°c and 99$ re la t ive  humidity. I t  (11 1 
3. Reactively Sputtered 9% 0 Films 2 5 
For reactively sputtered Ta 0 f i b s ,  a s table  res i s tor  film can 
2 5 
be made, but the sheet r e s i s t i v i t y  i s  hard t o  control,(5) and the films 
possess undesirable high temperature coefficients a s  well a s  having 
measurable resistance fa l l -of f  a t  the frequency of only a few mc/sec. (13) 
The reproducible control of r e a c t i w l y  sputtered d ie l ec t r i c  
films i s  not ye% adeq-ely explored, but variables such as  substrate 
su r f ace ,  r e s i d u a l  gas  composition and s p u t t e r i n g  cu r ren t  d e n s i t y  probably 
a r e  s i g n i f i c a n t  . The s p u t t e r i n g  condi t ions ,  used by Clark, (') a r e  
~ i v e n  on page 63in Table 1. 
For convenience, Tables 1 through 22 from C l a r k ' s  repor- t  a r e  
given here .  The t a b l e s  a r e  records  of d a t a  under vary ing  condi t ions  f o r  
h i s  Ta 0 r e s i s t o r  and d i e l e c t r i c  fi l tns . See page 68. 
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D. Gerstenberg and C. J. Calbick d i scuss  t h e  s p e c i f i c  r e s i s -  
t i v i t y  of Ta205 f i l m s  a s  a func t ion  of p a r t i a l  oxygen pr1:ssure and show 
(on page 405 of t h e i r  r e p o r t )  a graph of  t h e  r e l a t i o n s h i p  which is repro-  
duced here  i n  Fig. 2. 
Fig. 2 The dependence of  s p e c i f i c  resistivity on 
oxygen par t ia l  p ressure  f o r  Ta 0 f i lms  2 5 
Table  2 
Tables 1 thru 22 from Report No. 5 
by R. Scott Clark and Coy D. Orr 
Experimental Data on Ta20g Resistor 
and Capacitor Films 
Table 1 . Resistance versw Tempmature - 
Nominal 70 Ohms/$uae Ta201j/Ta FIIm 
Toble 2. Resistance versus Temperature - 
Nominal 500 Ohms/Square Ta20, /Ta Films 
Table 3. Resistance versus Temperature - 
Nominal 2000 Ohms/Square Ta203/Ta Films 
Table 4. Nominol 70 Ohms/square 
Reactively Sputtered Ta20y/Ta Resistive Film 
Toble 5. Nominol 500 Ohms/quore 
Reactively Sputtered Ta 0 Ta Resistive Films 2 d 
Table 6. Nominal 2000 Ohms/square 
Reactively Sputtered To 0 a Resistive Films 2 dT 
Lot 
065 
066 
067 
068 
069 
Table 7. Temperature Cycling of Unprotected 
Ohms/ 
Square 
2277 
1427 
21 20 
2948 
1823 
TCR, ppmO/C 
-SS°C to +I 25OC 
-357 
-327 
-387 
-423 
-296 
After Heot Aging 
24 hr 
12S°C 
% 
+3.7 
+3.4 
+3.8 
+4.2 
+5.6 
2 hr 
3OO0C 
YO 
+21 .O 
+20.6 
+27.1 
+25.3 
+31.0 
TCR, ppm/OC 
-5S°C to +1 2S°C 
-327 
-264 
-362 
-402 
-281 
Ohms/ 
Square 
39 
2 Table 8 .  Load Life Tests, 2 watts/inch , 
1 2S°C, Toq05/To Resistors 
Table 9. Results of Vorious Sputtering Times 
Reactively Sputtered To 0 Ta Resistive Films 
2 5' 
Table 10. Results of Vorious Cathode Current Densities 
Reactively Sputtered To 0 Ta Resistive Films 2 5' 
Table 1 1  . Results of Various Oxygen Flow Rates 
Reactively Sputtered Ta205/Ta Resistive Films 
3 Scale 1 57 1 12,850 1 286 1 - 140 ( + 4.8 
5 Scale 11,690 + 6.7 
7 Scole 1 2 ,  1 10,870 I I : : I + 9 .3  
9 Scale 25,400 10,630 259 -1280 +21 .7 
Table 12. Results of Various Chamber Pressures 
Reactively Sputtered To205/Ta Resistive Films 
Table 13. Results of Various Substrate Temperatures 
Reactively Sputtered Ta20ti/Ta Resistive Films 
Table 14. Data for Capacitors During Assembly 
Table 15. Capacitance versus Temperature 
Reactively Sputtered Ta 0 Cyocitors 2 5 
Table 16. Temperature Cycling of Unprotected To205 
Caoacitars 
Lot 
121 -1 
121 -2 
Table 18. Results of Vaious Sputtering Tirnes 
Reaetively Sputtered To205 Dielectric Films 
Toble 19. Re 
Remtive 
Cathode Cunent 
De"sityl muinch 
ults of Various Cathode Current Demitier 
r Sputtered To205 Dielectrlc F i lm 
Toble 20. Results of Various Gas Flow Rates 
Reactively Sputtered To 0 Dielectric Films 
2 5 
Table 21 . Results of Various Chamber Pressures 
Reactively Sputtered To 0 Dielectric Films 2 5 
Table 22. Results of Various Substrate Temperatures 
Reactively Sputtered To205 Dielectric F i lm 
This completes a11 of the  information t h a t  was found on reac t ive ly  
sputtered ?S. 0 films. However, Newton Schwartz references three  other  2 5 
authors who have studied t he  preparation of tantalum oxide d ie lec t r i -c  f i lms 
by reac t ive ly  sput ter ing f o r  capacitors." These authors and t n c i r  renor t s  
3C 
a r e  l i s t e d  below. 
( a )  Anodically Grown Oxides 
Although more w i l l  be sa id  about anodic oxjde f i l m s  i n  the  
sect lon on anadization, t he  following comment provides informtion on 
general f i lm fabrication.  Clark0) s t a t e s :  "The use of anodic oxide f i l m  
on t a n t a l u ~  f o r  t i i n  d i e l e c t r i c s  i s  well known. Three t roper ties hzve 
r e s t r i c t e d  t h e i r  extensive use i n  conjunction with planar  s i l i con  act ive  
devices: the  need t o  make ohmic contact t o  the  tantalum during electrolyt<c.  
formation of the  d ie lec t r i c ;  the  adverse e f f e c t s  on s i l i c o n  surfaces i n  
e l e c t r o c h e m i c ~  processing; and ser ious  degradation during the  temperature 
cycling normally used t o  contact  and mount s i l i con  devices. Reactively 
sputtered d i e l e c t r i c  f i lms were extensively studied, and show promise a s  
a valuable material  f o r  t h i n  f i lm capacitors." No background data i s  given 
In the  repor t  t o  support h i s  statements; however, he i s  the only one of  
the  references c i t ed  (excluding t he  Westinghouse r epo r t s )  who used s i l i c o n  
a s  a subst ra te .  Further inquiry appears t o  be necessary, 
* 
Lane, C,H., Proc., Na"c%, Elect ronics  Conf., 20, 1221, 1964. 
Lloyd, P., Solid-State nec t ron . ,  3, 74, 1961. 
Vrathy, Fa ,  The Annerfcan Cermic  Society E e t i n g ,  Yashing-ton, D,C,, 
May 1966, 
(b )  Oxides Grown i n  Heated Atmospheres 
"High r e s i s t i v i t y  tantalum films have been prepared by s p ~ t t e r i n ~ y  
i n  argon a t  low sputtering voltages. It i s  claimed that a 2 decade change 
in  r e s i s t i v i t y  i s  obtained with about 2-112 times the change i n  sputtering 
voltage. Sheet r e s i s t i v i t i e s  of 4000 R/  have been obtained with a f i l m  
thickness of w 0  2 when using a sputtering voltage of 1.5 KV. These films 
a f t e r  anodizing and s tab i l iz ing  in  a i r  a t  200'~ for  25 hours, showed good 
s tab i l i ty ,  subsequent change i n  resistance being l e s s  than 1% a f t e r  LOO0 
hours a t  1 0 0 ~ ~ .  These films have a negative temperature coefficient of 
-lP P P ~ ~ C -  "(") Jonesq statement not only provides information on thermally 
grown oxides but includes i n  addition a new s e t  of sputtering conditions. 
Jones (u) also  s t a t e s  t h a t  resistance values can controlled 
+ 3% and, with care, adjusted t o  + 0.02$. Maissel (14 ): a lso  presents some 
data, i n  graphical form, fo r  tantalum films heated a t  2'j0°c. These films 
had not been preanodized. This graph i s  shown i n  Fig. 3. 
Time i n  hours 
Fig, 3 T a a t d m  film s t a b i l i t y  dependence on 
time i n  heated oxygen atmosphere 
4. Reactively Sputtered TaN Films 
Most of t h e  recent  work on tantalum f i l m s  has been d i rec ted  t o  
t h e  reac t ive  spu t t e r ing  of tantalum and nitrogen,  The reason f o r  t h i s  
ac t ion  is  t h a t  prel iminary t e s t  r e s u l t s  ind ica te  t h a t  tantalum n i t r i d e  t h i n  
f i lms can be r e a d i l y  applied to the  f a b r i c a t i o n  of r e s i s t o r s  which have a 
high degree of r e l i a b i l i t y  and s t a b i l i t y ,  and can be commercially 
manufactured. ( 3 )  
A s  was mentioned e a r l i e r ,  of c r i t i c a l  impoxtance t o  t h e  deposit ion 
of tantalum t h i n  f i lms  is  t h e  reproduc ib i l i ty  of t h e  spu t t e r ing  process. 
McLean has done some d e t a i l e d  work on t h e  change of temperature coef f i c ien t ,  
change i n  res is tance ,  and change i n  r e s i s t i v i t y  of tantalum t h i n  f i lms  a s  
a  funct ion of t h e  p a r t i a l  pressure of ni trogen during t h e  spu t t e r ing  process. 
Figure 4 is  a graph showing t h e  r e l a t i o n s h i p  of these  f'unctions. McLean 
c a l l s  Fig. 4 a c a l i b r a t i o n  curve f o r  a p a r t i c u l a r  spu t t e r ing  system. 
temperature c o e f f i c i e n t  p p m / O ~  (TC) 
14 0 0  
12oc  
1 ooc 
KO o 
L 0 0  
4 OO 
20 3 
0 
z e o  
change i n  
res i s t ance  on 
load aging 509 
P a r t i a l  pressure of ni trogen (Tom x lo-') 
glass ,  40 watts  / i n e  
1000 h r s ,  7oQc ( 2 8 )  
Fig, 4 The dependence of temperature coeff ic ient ,  
r e s i s t i v i t y  and change i n  resisA&nce of 
T a N  f8%ms on t h e  p a r t i a l  pressure of ni trogen 
es such a s  these peasnit one t o  choose an operating point 
consistent with product requirements. '23) I n  doing nitrogen doping 
experiments in  a  number of systems, it has been observed tha t  the charac- 
t e r i s t i c  curves, a s  typif ied in  Fig. 4, f o r  one sputtering system, vary 
from system t o  system, However, a t  the optimum s t a b i l i t y  point, the film 
properties a re  always s h i l a r ,  with a  composition of Ta N and TaN, a  2  
r e s i s t i v i t y  of about 233 yncm and a  temperature coefficient equal t o  
-50 t o  -100 ppmpc. (11-12 ) 
Gerstenberg and Mayer(6) shbw similar r e su l t s  fo r  the specif ic  
r e s i s t i v i t y  over a  wider range of nitrogen pa r t i a l  pressures. These r e su l t s  
a re  shown i n  graphical form of Fig. 5. The relationship between temperature 
coefficient and nitrogen pa r t i a l  pressure i s  a l so  shown i n  the same figure. 
specific r e s i s t i v i t y  ( p ~  em) temperature coefficient (ppn ' , / '7~ ) 
gcs  
Z oc 
1 0 3  
I 
par t i a l  pressure of Nitrogen 
(mm Hg) 
Fig. 7 The dependence of specif ic  r e s i s t iv f ty  and 
temperatwe coefficients on the p a r t i d  
presswe of nitrogen 
SSmdjLar t o  Mckm, mrstenberg s t a t e s  that "experience while 
reproducing the shape of the curve i n  another vacuum system has shown tha t  
the pressure a t  which the formation of the n i t r ide  s t a r t s  might vary, 
depending on the pumping speed of the system, the sputtering r a t e  and the 
s ize of the electrode. However, it i s  always possible t o  f ind a sat isfactory 
operating point i n  any quality system through proper calibration. I T (  6) 
"The addition of nitrogen t o  the tantalum deposits i s  seen t o  
r e su l t  i n  s ignif icant  improvements -- but perhaps most important i s  t h a t  
the films produced a t  a careflilly selected operating point are  much more 
reproducible than those produced without doping. tt (12 1 
( a )  Nitride Crown i n  Heated Atmospheres 
There, l i k e  the oxidizing of the tantalum films, are  two ways 
i n  which tantalum films can be nitrided: (1) by reactive sputtering and 
(2)  by exposing the films t o  a nitrogen atmosphere a t  high temperatures. 
From page 3 of the Westinghouse Memo No. 66-9005-81-~2, res i s tors  of 
tantalum films were s tabi l ized by aluminum contact s inter ing i n  a t rave l l ing  
oven a t  350'~ and then themal ly  cycled i n  nitrogen a t  450'~. "By careful ly  
controll ing the time in  the nitrogen furnace, it i s  possible t o  adjust  
r e s i s to r s  t o  t h e i r  specified values (2500 a/  a ). ( 2 5 )  
(b)  Combination Oxygen-Nitrogen Dielectrics 
John Stringer (24) has written a report  on "The Effect of Nitrogen 
on the Oxidation of T a n M m  a t  High Wmperatwres," Here tantalum films 
are  exposed t o  var iow rs;tiss of oxy-gen-nitrogen atmospheres. The effect 
is  the same -- or nearly the s a e  -- a s  anodizing a b n t d w n  nitride fib, 
7 3 
St r inger  found t h a t  oxidat ion i n  pure osgygen fol%ows a l i n e a r  r a t e  law 
but  t h e  addi t ion  of ni trogen causes the  reac t ion  t o  become non-linear. 
He then discusses  t h e  resU%s i n  terms of e x i s t i n g  k i n e t i c  models. His 
was the  only information obtained on t h i s  approach. 
B. Tie Anodizing Process 
The anodizing process i s  a common technique known t o  t h e  industry 
f o r  many years. Y e t  anodizat ion of tanLalum f i lms  i s  r e l a t i v e l y  new cince 
t h e r e  a r e  many e l e c t r o l y t e s  and d i f f e r e n t  e l e c t r o n i c  setups being used. 
Anodization is p a r t i c a a r l y  appl icable  t o  tantalum t h i n  f i l m s  s ince  it car, 
be used f o r  adjustment t o  pa&icular  values within a few t e n t h s  of a  
percent  while a t  t h e  same time providing an i n t e g r a l  p ro tec t ive  coat .  ( 6 )  
The Westinghouse repor t  ( 26 )  mentions using a .0l$ by weight 
a g i t a t e d  bath  of H SO a t  room temperature. The c i r c u i t  used is  a constant  2 4 
current-constant  vol tage  type which w i l l  be discussed i n  more d e t a i l  i n  
t h e  ex?erimenlal sect ion.  
1. TanLalm Ni t r ide  Res i s to r s  and Capacitors 
Tantalum n i t r i d e  f i lms  can be anodized, The r e s u l t i n g  surface  
f i lm i s  a form of anodic t a n t a m  oxyni t r ide  which grows gradually and 
with a very uniform thickness.  m e  reduction i n  r e s i s t o r  th ickness  i s  
4.0 t o  4.5 a / v o l t  and can be control led  t o  about t 0.5 2. ,Using automatic 
monitoring equipment, rou t ine  trinorning of i n d i v i d u d  r e s i s t o r s  i s  poss ib le  
t o  0.9$. By using v e q  low c m m n t  d e n s i t i e s  dming  anodization, a 
precis ion of f 0.02$ 18 %tt8ia5tbles Mass trianming of  many resistors on a 
s ing le  substrate,  while monitoring only one, i s  l imi ted  by t he  o r ig ina l  
uniformity of the  film and the  pa t te rn  geometry t o  about + 3%. (8) 
Gerstenberg and Mayer have improved the  s t ab i l i z i ng  of tantalum 
n i t r i d e  f i lms by anodization, Using t he  0.20$1 c i t r i c  acid  e lec t ro ly te  the 
n i t r i d e  f i lm was reduced by 4 8/vo l t .  (6~19) Resis tors  of 1000 8 thickness 
were s t ab i l i z ed  by anodizing t o  30 v o l t s  followed by heat  treatment i n  ai.r 
a t  250'~ f o r  5 hours. The r e su l t an t  r e s i s t o r s  showed a res is tance chance 
of l e s s  than 0.1% a f t e r  1000 hours a t  1 5 0 ~ ~ .  (25) Table 3 gives res is tance,  
anodization voltage and thickness decrease f o r  various TaN f i lm thicknesses. 
The film thickness decrease f o r  tantalum f i lms 1000 8 th ick  was 
7.5 X/volt i n  the  same c i t r i c  ac id  e lec t ro ly te .  (6,131 
Table 3 
ANOBaATION SPITFORMATION FOR T a N  F 
Instead of f o m i n g  an o x w i t r i d e  f i b  by anodization, Gerstenberg (6) 
has done work with hea t  t r e a t i n g  t o  form a combination oxygen-nitrogen f i lm. 
He repor t s  t h a t  the  r e s i s t o r s  with a film thickness of 1200 8 had a, 
r e s i s t i v i t y  of 22 n/ and were s t a b i l i z e d  a t  4 0 0 ~ ~  i n  a i r  f o r  an hour 
and were t e s t e d  f o r  1000 hours a t  1%'~. The changes i n  r e s i s t ance  f o r  t h e  
i n d i v i d m l  r e s i s t o r s  on t h e  th ree  s l i d e s  during t h e  l i f e  t e s t  were -0.002 
and +0.034. The change i n  res i s t ance  during s t a b i l i z a t i o n  was not more 
than 10% and t h e  temperature coef f i c ien t  remained constant  a t  approximately 
-60 _C 5 ppm/Oc. 
The only repor t  t h a t  comments on bntaltrm n i t r i d e  f o r  use i n  
capaci tors  i s  t h e  one by McLean. (13) Even the re  h i s  comments a r e  vague. 
He presents  a graph, which i s  shown i n  Pig. 6 and explains t h a t  "the negative 
slope por t ion  represents  a poor q u a l i t y  oxide film which has a low breakdown 
vol tage  i n  both d i rec t ions .  '' 
i . 0  go 
Ratio d , 8  4 D Reverse 
P a r t i a l  pressure of N 
( ~ o r r  ) 2 
~ i g ,  6 C b r a c t e s i s t i c s  of BN capaci tors  
In general, the f i e l d  of Lantdum ni t r ide  res i s tors  looks very 
promising. Aside from good film characteristics,  Berry(') s t a t e s  tha t  
these r e s i s to r s  can be manufactured commercially t o  a high degree of i n i t i a l  
precision (> 2 0.1$) and with a twenty-year l i fe t ime s t a b i l i t y  under normal 
ambient conditions. 
2. Thin Film Tantalum Capacitors 
A platinum cathode i s  used with a typical  e lectrolyte  made of 
0.02% c i t r i c  acid, which gives a reduction i n  film thickness of 7.5 a/volt .  
The oxide film obtained a t  a forming voltage of 100 vol t s  has a capacity 
2 6 
of 0.1 @/cm , a d ie l ec t r i c  stren#&h of 5 x 10 ~ / c m  and a temperature 
coefficient of 254l ppmpc. Sikina has used an electrolyte  made from one 
par t  oxalic acid, 2 par t s  water, and three parts  ethylene glycol. In 
t h i s  solution the Ta 0 grows a t  a r a t e  of 25 a/vol t  so t h a t  a film formed 2 5 
a t  100 vol t s  i s  about 25CXl a thick. (699) 
A t  Bell Labs. 1200 0.01p.f tantalum capacitors %rere prepared. 
by anodizing a t  130 vol t s  a t  room temperatwe and then evaporating on gold 
electrodes. Ninety percent of the capacitors had leakages l e s s  than 
amperes and ninety-seven percent had l e s s  than lom7  leakage current 
a t  75 vo l t s  (dc), a f t e r  a one minute of t e s t  voltage. Only 1.% would not 
withshnd the 75 vol t  t e s t .  !These yields a re  just  tolerable f o r  thin film 
integrated c i r cu i t s  which have many capacitors per substrate, (131 
Berry and ~ o a n ( ~ )  give a tab le  (see Table 4 )  of formation voltages 
and r e s u l b n t  capacitances. The elecLrodes were 250 m i l s  in  diameter, 
Table 4 
ANODEZING VOLTAGES FOR 'IIANTALUM CAPACITORS 
Formation Voltage Capacitance 
( v o l t s  ) 
A s  Is seen from t h i s  t ab le ,  t h e  capacitance values, 
formation, are  inverse ly  proport ional  t o  t h e  f o r ~ a t i o n  voltage. 
C. A Comment on Etching Processes 
The Westinghouse memo (25923) mentions a one p a r t  HF, one p a r t  
HNO and two p a r t s  H 0 etching so lu t ion  f o r  tantalum. The only o t h e r  3 2 
e tching so lu t ion  mentioned among t h e  references(5) l i s t e d  was one f o r  
!Ik 0 and tantalum. The solut ion ingredients  are: 
2 5 
3 p a r t s  by volume 48$ HF 
1 par t  by volume 70% HNO 3 
3-20 p a r t s  by volume 98% a c e t i c  ac id ,  
This solut ion was used on one Ta/Ta 0 f i lm i n  s e t  No. 3. The e t c h  was 
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slow i n i t i a l l y  bu t  needs c lose  supervision s ince  it i s  qu i t e  rapid  once 
through t h e  tantalum oxide film. 
D. Tne Capacitor Counter Electrode 
McLean, Schwartz and Tidd(13) have provided experimental results 
showing that the  type of material  used a s  t h e  counter e lec t rode  i n  a 
~ a / %  0, capaci tor  a f f e c t s  i t s  breakdown voltage.  This data  i s  presented 
2 2 
below i n  Table 5. 
Table 5 
TKE EFFECT OF VARIOUS METALS AS COUNWR EXI3CTRODZS 
ON TIiE BREAKDOWN VOLTAGE OF T a / ~ a ~ 0 ~  CAPACITORS 
Gold I evaporated 
Palladium I If 
Copper 
Antimony 
Cadmium 
Iron 
Indium 
Aluminum I 1 1  I 
Berry and S ~ o a n ' ~ )  reported t h a t  they used both gold and aluminum 
and no difference i n  breakdown vol-tages was observed, However, no data 
i s  presented. 
In another  of Berry I s  r epor t s ,  he includes t h e  follozring 
pe r t inen t  paragraph: "Although the  capaci tors  produced were e s s e n t i a l l y  
nonpolar, t h e i r  leakages were higher than the  reverse  leakages on t h e  
non-symmetrical u n i t s .  It i s  bel ieved t h a t  t h e  spu t t e r ing  process used 
i n  applying the  tantalum counter e lec t rode  may have i n j u r e d  the  oxide 
f i l m ,  s ince  t h e  same high leakages are observed i f  a gold counter e l ec -  
t rode be spu t t e red  ins tead  of evaporated." 
E. The Use of Aluminum ins tead  of Res i s t  
In t h e  f a b r i c a t i o n  o f  t h i n  f i l m  components the  technique of  
obta in ing the component pa t t e rns  plays a c e n t r a l  r o l e .  The pa t t e rns  may 
be obtained using metal masks on the  s u b s t r a t e  during deposi t ion  o r  by 
using photol i thographic techniques. The photol i thographic process uses 
photosensi t ive chemicals - pho to res i s t s  - appl ied  t o  t h e  surface  i n  ques- 
t ion .  When l i g h t  is allowed t o  pass through masks onto the  t r e a t e d  surface ,  
the  r e s i s t  emuls i f ies  and p r o t e c t s  the  surface  underneath from etches ,  
anodizes, o r  f u r t h e r  t reatments.  When the  des i red  process is  completed, 
the  r e s i s t  i s  then removed, leaving behind the  des i red  f i l m  pa t t e rn .  
As can be seen from t h e  d a t a  presented i n  p a r t  V of  t h i s  r e p o r t ,  
the  pho to res i s t  is not  withstanding the  e t c h  and t h e  anodize processes. 
It i s  for  t h i s  reason two add i t iona l  methods, both using aluminum ins tead  
OF pho to res i s t ,  a r e  mentioned here. Mchan, Schwartz, and Tidd (12~13) 
descr ibe  these  methods a s  a  way t o  circumvent t h e  r e s i s t  breakdown problenl. 
"In e i t h e r  case, aluminum is deposi ted over the  tantalum coated subs t ra t e .  
Next, using a s e l e c t i v e  e t c h  wi th  photol i thographic techniques, aluminum 
is removed from the  r e s i s t o r  areas. Then an e l e c t r o l y t e  s u i t a b l e  f o r  0 0 t h  
tantalum and aluminum is used and the  whole sheet  is  anodized. Provided 
t h e  aluminum has been depos i t ed  i n  s u f f i c i e n t  t h i ckness  s o  t h a t  it does 
not  anodize through, it may now be removed w i t h  a mi ld  e t c h a n t  l eav ing  
t h e  bare t a n t a l u n  i n  t h e  d e s i r e d  p a t t e r n .  
For t h e  second method, more tantalum than  needed i-s spu.tt,ered 
and i s  t hen  covered wi th  aluminum. By s e l e c t i v e  e t c h  t h e  r e s i s t o r  p a t t e r n s  
of tantalum a r e  exposed. Anodizing t o  s0rr.e modest p o t e n t i a l ,  say  25 
v o l t s ,  while  us ing  a compatible e l e c t r o l y t e  covers t h e  tantalum wi th  an 
oxide f i lm .  A mild e t c h  w i l l  then  remove the  aluminum. F i n a l l y ,  a  
f l u o r i d e  e t c h  i s  u.sed and t h e  oxide a c t s  a s  a  r e s i s t ,  p revent ing  a t t a c k  
on t h e  r e s i s t o r  a rea ."  
Most of t h e  r e f e rences  do not  mention a  p a r t i c u l a r  r e s i s t  f o r  
use  wi th  t h e  tantalum f i lms .  The Westinghouse memo, (25 ) however, mentions 
t h e  use of  AZ-340. SiRina(22) used KMER and KPR. 
F. 
Silrina (28)  mentions a method f o r  a r e s i s t o r - c a p a c i t o r  f a b r i -  
ca t ion .  H i s  r e p o r t  a l s o  has some p e r t i n e n t  l i f e - t e s t  information on t h e  
tantalum t h i n  f i l m  components. The procedure he mentions is  as fo l lows:  
"In add i t i on  t o  d e p o s i t i n g  t h e  Au-Ta f i lm,  it somekimes may be convenient 
t o  depos i t  t he  d i e l e c t r i c  f o r  t h e  capac i to r s  by r e a c t i v e  s p u t t e r i n g  
techniques.  KMER a l s o  can  be used but  t h e  d e f i n i t i o n  i s  poorer than 
w i t h  KPR. , I  (22 
Conment 
This concludes t h e  c o r r e l a t i o n  & d a t a  from t h e  re 'ferences 
l i s t e d .  As t h e  p r o j e c t  matures,  it is ve ry  l i k e l y  t h a t  many new ques- 
t i o n s  w i l l  a r i s e  which a r e  not  answered here -- e s p e c i a l l y  i n  t h e  t e s t i n g  
phase of t h e  components, Homver,  It i s  hoped t h a t  t h e  i n f o r a a t i o n  
suppl ied  w i l l  be s u f f i c i e n t  f o r  p re sen t  needs. 
Table 6 
A COMKINENT FABRICATION SEQUENCE 
Step No. Procedure 
Deposit Au-Ta on subst ra te .  
Apply KPR pa t te rn  over r e s i s t o r  
and capacitor areas and develop 
the  pat tern .  
Etch off  excess Au-Ta t o  form 
the  res is tor-capaci tor  pat terns .  
Re-apply KPR and re-etch gold t o  
complete i ts  removal i n  the 
res is tor-capaci tor  areas. 
S tab i l i ze  tantalum r e s i s t o r s  a t  
250% fo r  5 hours. 
6 Anodize capacitor areas.  
7 Evaporate coun.t;er electrode.  
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APPENDIX I11 
T e s t  Procedures  f o r  t h e  
h a l o g  Voltage t o  Duty Cycle Generator  
1.0 The fol lowing test procedures  a r e  developed t o  demonstrate t h a t  
t h e  Analog Voltage t o  Duty Cycle (AVDC) gene ra to r s  m e e t  t h e  r equ i r e -  
ments of Engineering Note No. 342-50 and t h e  subsequent  modi f ica t ions .  
Each AVDC gene ra to r  c o n s i s t s  of f o u r  i n t e g r a t e d  c i r c u i t s  and a 
c a p a c i t o r  mounted i n  14  l e a d  f l a t  packages. Func t iona l ly ,  they  a r e  a 
d i f f e r e n t i a l  a m p l i f i e r ,  r e f e r e n c e ,  t r i a n g l e  gene ra to r ,  ou tput  l o g i c  
and c a p a c i t o r .  The f i v e  packages a r e  assembled i n t o  a complete AVDC 
system i n  a f i x t u r e  s u p p l i e d  f o r  t e s t i n g .  The f i x t u r e  is completely 
l a b e l e d  t o  show a l l  i n p u t s ,  ou tpu t s  and power connec t ions ,  The l a y o u t  
of  t h e  f i x t u r e ,  o r i e n t a t i o n  of  f l a t  packages and schematic  diagram of 
t h e  wired  system i s  shown i n  F igure  1. Gnd , 
Test Fjutture For AVDC System 
Fig.  1 
8 5 
Control 
Input . 
oqput 1 
Output I1 
2.0 For t h e  fol lowing t e s t  procedures ,  p i n  2 i s  920 VDC and pin 6 i s  
a t  ground p o t e n t i a l .  
3.0 Tes t  Procedures.  A l l  procedures  w i l l  b e  made a t  bo th  - l O e C  and 
75OC temperatures .  
3.1 Repe t i t i on  Rate 
3.1.1 Required Equipment: Tekt ronic  545 o s c i l l o s c o p e ,  
Leeds & Northrup .l% potent iometer ,  DC VTVM. 
3.1.2 Connect a DC VTVM capable  of reading  100 mv between 
t e rmina l s  T and T2 a s  shown i n  F igure  2. Adjust  R4 f o r  100 mv on V1 1 
and set R2 a t  midscale .  
3.1.3 Connect t h e  AVDC gene ra to r  a s  shown i n  F igure  2 and 
a d j u s t  R f o r  50% duty c y c l e  on t h e  o s c i l l o s c o p e  waveform. Measure t h e  5 
t ime of one f u l l  per iod  of c y c l e  time. 
+ 3.1.4 Spec i f i ed  pe r iod  should b e  400 psec - 40. 
Fig.  2 
5 6 
3.2 Output Level  
3.2.1 Required Equipment: Tektronix 545 o s c i l l o s c o p e ,  
DC mW, Tekt ronix  P6016 AC Current  Probe, 0-10 pa ammeter, -1% Leeds 
& Northrup Potent iometer .  
3.2.2 Connect t h e  AVDC gene ra to r  a s  shorn  i n  F igure  3.  
3.2.3 Measurement Procedure. 1" Level. Read ammeter Al 
f o r  t h e  "turned-off" t r a n s i s t o r  c o l l e c t o r  f o r  p i n  4 and p i n  5.  Record 
t h e  c u r r e n t .  
3.2.4 Spec i f i ed  c u r r e n t  should b e  5 y amps. 
Fig.  3 
3.2.5 Measurement Procedure. "0" Level ,  Connect a DC VTVM 
capable  of reading  100 mv between t e rmina l s  T 1 and T 2 a s  shown i n  Figure 4 .  
Adjust  R4 f o r  100 mv on VL and set R2 a t  midscale .  Connect the  AVDC gen- 
e r a t o r  as shown i n  F igure  4 awd a d j u s t  R f o r  50% duty  cycle  on the 5 
o s c i l l o s c o p e  wavefom. Connect t h e  AC c u r r e n t  probe between p i n  4 and 
t h e  100 load .  Record t h e  c u r r e n t  and v o l t a g e  of t h e  s a t u r a t e d  t r a n s i s -  
t o r .  Repeat f o r  p i n  5 .  
3.2.6 Spec i f i ed  output  should b e  50 ma maximum a t  0 .5 V 
maximum. 
Fig.  4  
3 .3  Inpu t  S i g n a l  
3.3.1 Required Equipment: Tekt ronix  545, DC DVM, .l% 
Leeds & Northrup Potent iometer ,  DC VTVM. 
3.3.2 Connect a DC VTVM capable of reading  100 mv between 
t e r m i n a l s  T and T as shown i n  F igure  5. Adjust  R4 f o r  100 mv on V 1 2 1 
and set R a t  10.00. Adjust R f o r  3% duty c y c l e  on t h e  osc i l l o scope  2 5 
waveform. S e t  R2 at  5.00 and connect a DC DVM t o  p i n  1 of t h e  AVDC 
gene ra to r .  Record t h e  vo l t age  reading .  
3 . 3 . 3  Spec i f i ed  vo l t age  should be  10  + .05 V. ' 
Fig.  5  
3 . 4  C i r c u i t  S e n s i t i v i t y  
3.4.1 Required Equipment: Tektronix 545 osc i l l o scope ,  
.I% Leeds & Northrup Potent iometer ,  DC VTVM. 
3 .4 .2  Connect a  DC VTVM capable  of reading  100 mv between 
t e rmina l s  T  and T  a s  shown i n  F igu re  5. Adjust R f o r  100 m on Vl 1 2  4  
and s e t  R2 a t  10.00. Adjust  R  f o r  3% duty c y c l e  on t h e  osc i l l o scope  5 
waveform. Connect t h e  t ime de l ay  base  of t h e  Tektronix 545 o s c i l l o s c o p e  
t o  p i n  4 and use  t h e  ou tpu t  of  t h e  de l ay  t o  t r i g g e r  t h e  osc i l l o scope .  
Vary R2 t o  0 s e t t i n g ,  then  a d j u s t  t h e  osc i l l o scope  delay poten t iometer  
t o  l o c a t e  t h e  v e r t i c a l  midpoint of  t h e  f a l l i n g  edge of t he  waveform 
t r a c e  t o  t h e  c e n t e r  of t h e  o s c i l l o s ~ o p e  g r a t i c u l e .  Read the  record  t h e  
s e t t i n g  on t h e  o s c i l l o s c o p e  t ime de l ay  d i a l .  Readjust  t he  de lay  poten- 
Ciometer on t h e  f a l l i n g  edge of t h e  f u l l  per iod  t r a c e  and again record 
t h e  de lay  d i a l  s e t t i n g .  Repeat f o r  50% duty  c y c l e  o r  R = 5,O on d i a l ,  2 
3.4.3 S e n s i t i v i t y  should be  nominally 1% i n  output  D.C. 
change f o r  l m i l l i v o l t  s i g n a l  i n p u t  change. 
S e n s i t i v i t y  = 50% Reading - 0% Reading 100% Reading X 20- x 100 
- 
% D.C.  A 
mv 
3.5 C i r c u i t  S t a b i l i t y  
3.5.1 Required Equipment: Tekt ronix  545 o s c i l l o s c o p e ,  
.I% Leeds & Northrup Potent iometer ,  DC VTVM. 
3.5.2 Connect a DC VTVM capable  of reading  100 mvbetween 
t e rmina l s  T and T a s  shown i n  F igure  5 .  Adjust  R4 f o r  100 mv on V1 1 2 
and set R2 a t  10.00. Adjust  R f o r  3% duty c y c l e  on t h e  osc i l l o scope  5 
t r a c e .  S e t  R a t  5.0 on t h e  d i a l  and connect t h e  DC VTVM t o  p i n  2 of 2 
t h e  AVDC gene ra to r  capable  of  reading  30 V f u l l  s c a l e .  Read t h e  R2 
d i a l ,  t hen  vary  Vcc p l u s  and minus 1 v o l t ,  r e a d j u s t i n g  R each t i m e  t o  2 
main ta in  50% duty  c y c l e  and reading  t h e  R d i a l  f o r  t h e s e  two extremes. 2 
+ 3.5.3 Maximum s p e c i f i e d  v a r i a t i o n  should b e  - 0.25 v o l t  
f o r  a l l  temperature and v o l t a g e  v a r i a t i o n s .  
3.6 Output L i n e a r i t y  
3.6.1 Required Equipment: Tekt ronix  545 o s c i l l o s c o p e ,  
.l% Leeds & Northrup Potent iometer ,  DC VTVM. 
3.6.2 Connect a DC VTVM capable of reading 100 mv between 
t e rmina l s  T and T a s  shown i n  F igure  5 .  Adjust  R f o r  100 mv on Vl 1 2 4 
and s e t  R2 a t  10.00. Adjust  R5 f o r  3% duty cyc l e  on the  osc i l l o scope  
t r a c e .  Vary R from 0  t o  10.00 i n  one increment s t e p s ,  then  a d j u s t  t h e  2 
o s c i l l o s c o p e  de lay  poten t iometer  t o  l o c a t e  t he  v e r t i c a l  midpoint of t h e  
f a l l i n g  edge of t h e  waveform t r a c e  t o  t he  c e n t e r  of t h e  o s c i l l o s c o p e  
g r a t i c u l e .  Read and r eco rd  t h e  poten t iometer  d i a l  s e t t i n g  on t h e  o s e i l -  
loscope time de lay  d i a l .  
3.6.3 The maximum s p e c i f i e d  depa r tu re  from l i n e a r i t y  w i l l  
b e  2.5 percentage p o i n t s .  
3.7 Output Time Symmetry 
3.7.1 Required Equipment: Tektronix 545 osc i l l o scope ,  
.I% Eeeds & Northrup Potent iometer ,  DC. VTVM. 
3.7.2 Connect a DC VTVM capable  of reading  100 mv between 
t e rmina l s  T  and T a s  shown i n  F igure  5. Adjust  R f o r  100 mv on V 1 2 4  l 
and s e t  R2 a t  10.00. Adjust  R f o r  3% duty c y c l e  on t h e  osc i l l o scope  5 
t r a c e .  Adjust  R2 f o r  5.0 on t h e  d i a l .  
3.7.3 Read t h e  10% rise and f a l l  t ime on t h e  osc i l l o scope  
t r a c e  by a d j u s t i n g  t h e  o s c i l l o s c o p e  de lay  poten t iometer  t o  l o c a t e  t h e  
v e r t i c a l  midpoint of t h e  f a l l i n g  edge of t h e  waveform t r a c e  t o  t h e  c e n t e r  
of t h e  o s c i l l o s c o p e  g r a t i c u l e .  Read and record  t h e  s e t t i n g  on t h e  
o s c i l l o s c o p e  time de lay  d i a l .  Make readings  a t  bo th  p ins  4 and 5 read- 
i n g  t h e  r i s e  and f a l l  t imes of each output .  
3.7 .4  The s p e c i f i e d  on time symmetry s h a l l  be  t h a t  t he  
"on" t ime of one ou tpu t  s h a l l  b e  .5% of t h e  "on" t ime of t h e  o t h e r  o u t p u t ,  
Also, t h e  h a l f  pe r iod  time s h a l l  b e  2 .25X of t h e  a b s o l u t e  va lue  of the 
h a l f  per iod  time. 
3.8 Rise  and f a l l  t ime,  
3.8.1 Required Equipment: Tekt ronix  545 osc i l lo scope ,  
.l% Leeds & Northrup Potent iometer ,  DC 
3.8.2 Connect a DC VTVM capable  of reading  100 mv between 
t e rmina l s  T and T a s  shown i n  F igure  5. Adjust  R4 f o r  100 mv on V 1 2 1 
and s e t  R2 a t  10.00. Adjust R5 f o r  3% duty c y c l e  on t h e  o s c i l l o s c o p e  
t r a c e .  S e t  R2 a t  5.0 on t h e  d i a l  and read  t h e  rise and f a l l  
t i m e  of t h e  ou tpu t  waveform at  p i n  #4 and p i n  #5. 
< 3;'8.3 Spec i f i ed  rise and f a l l  t i m e  should b e  - 0 .5  ysec 
from ze ro  t o  maximum output  and v i c e  v e r s a .  
T a b l e  I Comparison o f  Analog and D i g i t a l  Systems 
F a c t o r  D i g i t a l  Approach Analog Approach 
ACCURACY : 
L i n e a r i t y  
S e n s i t i v i t y  
+ 0.3% l a d d e r  matching C 0.5% 
- - 
f 0.4% P.S. r e g u l a t i o n  
- 
Power D i s s i p a t i o n  2.0 w a t t s  1.3 w a t t s  
HIGH FREQUENCY SPIKES: 
Ramp F a s t e r  s w i t c h i n g  None r e q u i r e d  
A m p l i f i e r  S e p a r a t i o n  power 
SUPP IY None r e q u i r e d  
S i g n a l  Lock-out, e t c .  Lock-out, e t c .  
Frequency Shaping L imi ted  by n o i s e  re- Open loop  r o l l o f f  
j e c t i o n  
Complexity Analog sys tem r e q u i r e s  
60% fewer  components 
Number of Chips 2 p r o c e s s e s  1 p r o c e s s  
Table I1 Comparative P a r t s  Count 
Descr ip t ion  Capaci tor  T r a n s i s t o r s  Diodes Res i s to r s  TOTAL 
Blocks a s s o c i a t e d  wi th  
DIGITAL APPROACH ONLY 
Time Base 
Binary Counter 
Ladder 
Ladder Supplies  
ANALOG and DIGITAL 
Blocks 
Dif fe rence  Amplif ier  3 
Reference Supply 2 
Comparator 
Output Logic 
ANALOG ONLY Blocks 
Tr i ang le  Gen. 2 
2.5 kc Binary - 2 
4 
DIGITAL TOTAL 
ANALOG TOTAL 
Dif ference  
57% Reduction i n  P a r t s  Count 
Table I11 Comparative P a r t s  Count, Inc luding  F i n a l  Design 
Capac i tors  T r a n s i s t o r s  Diodes R e s i s t o r s  TOTAL 
1. D i g i t a l  System, 
Is t Design 2 5 
2. Analog System, 
Is t Design 
3 .  Analog System, 
F i n a l  Design 10 33 3 2 71 146 
Table I V  Power Requirements 
DIGITAL ONLY 
Time Base 15 ma 
Binary Counter 
Ladder 
20 new design 
0 o ld  des ign  = 60 
Ladder Supplies  - 20 
55 
ANALOG and DIGITAL 
Dif ference  Amplif ier  
Reference Supply 
Comparator 
Output Logic 
ANALOG ONLY 
Tr i ang le  Generator 
2.5 kc  Binary 
DIGITAL TOTAL 
ANALOG TOTAL 
Dif ference  
103 = 2.06 wa t t s  
65 = 1.30 wa t t s  
-
38 = 37% reduct ion  
Table V Comparative Power Requirements, Inc luding  F i n a l  Design 
P O W E R , W A T T S  
Voltage Er ro r  Ramp Output 
Reference Amplif ier  Generator Stage TOTAL 
1. D i g i t a l  System, 
Is t Design 0.50 0.30 1.10 0.16 2.06 
2. Analog System, 
Is t Design 0.50 0.30 0.30 0.20 1,30 
3. Analog System, 
F i n a l  Design 0.18 0.30 0.17 0.23 0.88 
Table V I  P e r t i n e n t  C h a r a c t e r i s t i c s  of Subsystem Components 
Component Major D.C. C h a r a c t e r i s t i c ( s )  
T r a n s i s t o r ,  s i n g l e  u n i t  VBE a t  cons t an t  Ic, VCE: 
- + 0.7V 
@ : a  50 
T r a n s i s t o r ,  d i f f e r e n t i a l  A V B E ( V ~ ~ l - V ~ ~  ) a t  cons tan t  
p a i r  Ic, Vc: 5 0.0& 
R e s i s t o r ,  d i f fu sed ,  R:= Rdesign If: 10% 
s i n g l e  u n i t  
R e s i s t o r  p a i r ,  d i f f u s e d  
Res i s to r ,  tantalum n i t r i d e ,  
s i n g l e  u n i t  
Res i s to r  p a i r ,  tantalum 
n i t r i d e  
Capaci tor ,  tantalum f i l m  
Diode Zener r e f e rence  
R1 
-:= [g] + 5% 
R2 - design 
R:= R + 5% design - 
+ 2% 
design 
Temperature 
Coe f f i c i en t  
G 20 ppmI0C 
( inc lud ing  s e r i e s  
forward diode) 
Range of va lues ,  
-10°C t o  +75"C 
C250c  + 1% 
(Vz~,50, + 6 mv 
( i nc lud ing  s e r i e s  
forward diode) 
Table V I I  Performance Charac te r i s t ics  of Subcircui ts  
Nominal Value Design Value 
Sub c i r cu i  t 
No. 7-Circuit 
2. Voltage 1OV + 0.15V (VR> 2 5 ~  2 0.010V 
Reference i n i t i a l l y  adjusted 
fo r  10.000 V + 
center  value 
3 .  Triangle 
Generator No. 1-Rep .Rate 
Voltage Slope 
Voltage Change 
9c 
Center value = value f o r  50% duty cycle output 
TABLE V I I I  
AVDC TEST RESULTS 
TABLE VIII 
AVDC TEST RESULTS 
(Continued) 
9 Symmetry 
Half Period 
10 Rise Time 
11 Fall Time 
- 
P 
Item Out 
Of Spec 

Raw 
Amp 
Ref P owe 
Fig. 2-Typical booster rqulator 
H a l f  F u l l  
Period Period 
One Cycle Time 4 
h i s  Period o f  
Time = 3% t o  Output 1 
9P/u of  This 
Period o f  Time 
Output 1 Output 2 
Fig. 3-Regulator output mixing 
SEMI - REGULATED 
POWER SUPPLY OUTPUT 
ASYMMETRICAL 
MULTIVIBRATOR 
Fig .  4 Va r i ab l e  Duty Cycle Regulator 
POWER SUPPLY OUTPUT 
Fig.  5 Clocked Mul t i v ib ra to r  
SEneREGUI34TEB 
P m E R  SUPPLY 
COMPARITOR 
AMI?EIFIER 
O W P W  
VOLTAGE 
Fig. 6 Analog Ramp Generator 
Trigger Points 
Reference 
Voltage 
I I 
I 1  
I 1  
I I 
Output  Wave Fom 
Fig. 7 Waveforms for Analog Ramp Generator 
Fig .  8 Ramp Generator Control C i r c u i t  
SEMI-RpGULATED 
POWER SUPPLY 
I 
DIGITAL 
RAMP 
GENERATOR. 
-. 
Pig. 9 - Block Diagram f o r  D i g i t a l  
Ramp Generator 

Fig. 11 Ramp Generator (Simplified Form) 
I N P  
VOLTAGE 
Fig. 12 Precision Reference Source 
OUTPUT 
OV TO 10V 
REFEmNCE 
ELEMErn 
Fig, 13 Error Amplifier Block Diagram 
Input 
Input 
100 SZ 
LOAD 
Fig. 14 Output Circuit (Simplified Form) 



LEVEL DETEC'ZOR 
OUTPUT 
OF9 
SAT 
OL'TPUT SO. 1 
O m P m  SO. 2 
SAT - 
0UTi'iI;i: SO. 1 
kYD KO. 2 
(Control Pin 
Shorted) 
Fig. 18 TIMING AND LOGIC DIAGRAM 

I 
. i 
I 
I Fig.  20 Er ro r  Amplifier ,  F i r s t  Analog Dgsign 
I 
1 I 
! 
116 

Dwg. 858~242  
8 
Fig. 22-Output circuits, f i rs t  analog design 
Fig. 22c 


Out 
Fig.  24 Sing le  Ended Input  I n t e g r a t i n g  
Amplif ier  
F2g. 25 Effect of Integrating Amplifier Drift 
on Triangle Waveform 

Fig. 27 Error Amplifier Final Design 



P i g .  3% SPUTTERING SYSTEM 
RM-41069 
P i g .  32 SUBSTRATE-TARGET-AMODE ARRnTaGmENT 
Dwg. 855~408 
Substrate Heater 
To 
N2 Cold Trap 
and Di f fus ion Pump 
Needle Valves 
Fig. 33 -Schematic ou t l ine  of tr iode sputter ing system 
Anode 
Power Supply for  
Const. Cur ren t  o r  
Const. Voltage Mode 
Fig. 34-Anodization 



Fig. 38 -- Reference Generator 
DR-ms 
Fig. 39 N ~ W  C 
P i g ,  40 D i f f e r e n t i a l  Amplifier 

Fig ,  42 Tr iangle  Generator 

Curve 5WU70-B 
1m 
8W 
600 
Input Capacitor C 3  & C4 
400 
Actual Cap + Stray 
200 
100 
80 
60 
U- 
I 
= 40 
a- 
U 
61 
m + 
.- 
U 
cU 
n 
" 20 0 
10 
8 
6 
4 
2 
1 
8 1 2  3 4 5 6 7 8 9 1 0 1 1  1 2 1 3 1 4  
Jcrnctior! Voltage, volts 
Fig. 4-Junction capacitance vs voltage for JPL output logic 
Fig.  45 Output C ircu i t  
Fig, 46 - Test Ffxture 

